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ABSTRACT 

The contribution of atmospheric aerosols towards radiative forcing has a very 

high uncertainty due to their short atmospheric lifetime. The aerosol effects are largely 

controlled by the density, elemental composition, and hygroscopic properties of the 

aerosol particles. Therefore, we have performed designed new methodology using 

Scanning Transmission X-ray Microscopy (STXM), Atomic force spectroscopy (AFM), 

micro-FTIR spectroscopy and Scanning Electron Microscopy (SEM) to quantify these 

important aerosol properties. Hygroscopic properties are quantified by plotting the mass 

of water on a single particle basis, calculated from STXM, as a function of relative 

humidity. Alternatively, micro-FTIR spectra have been used to study the effect of 

composition of aerosol particles on the hygroscopic properties of NaCl. Moreover, a 

unique combination of STXM and AFM has been utilized to quantify density and 

elemental composition of micrometer dimensional particles. This method has also been 

extended towards exploring mixing state of particles, consisting of heterogeneously 

mixed inorganic and organic compounds. In addition to these above mentioned 

properties, the fate of an atmospheric particle is often altered by chemical transformation 

and that in turn is influenced by the atmospheric RH. Therefore, we have studied an 

unusual keto-enol tautomerism in malonic acid particles at high RH, which is not 

observed in bulk. This observation could potentially be utilized to significantly improve 

the models to estimate Secondary Organic Aerosols (SOA). Using STXM and micro-

FTIR technique, RH dependent equilibrium constant of the tautomerism reaction has 

been quantified as well. 

Organic nanocrystals capable of undergoing solid state photochemical changes in 

a single-crystal-to-single-crystal (SCSC) manner have been particularly important in 

fabricating molecular switches, data storage devices etc. Mechanical properties of these 

nanomaterials may control its SCSC reactivity. In addition, investigation of mechanical 
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stiffness is important to define allowable limit of stiffness towards device application. 

Therefore, we studied mechanical properties of series organic nano cocrystals primarily 

consisting of trans-1,2-bis(4-pyridyl)ethylene and substituted resorcinol using AFM 

nanoindentation technique. Dependence of mechanical properties and SCSC reactivity on 

the resorcinol structure is also investigated as well. Moreover, photolithography on the 

thin film of these organic cocrystals has been performed to demonstrate its applicability 

as a photoresist.  
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CHAPTER 1 

INTRODUCTION 

1.1 Contribution of atmospheric aerosols towards total 

radiative forcing 

One of the major warnings in recent years is the increasing amount of Greenhouse 

gases present in the atmosphere.
1-3

 Carbon dioxide, water vapor, other polyatomic 

molecules in the atmosphere  absorb thermal infrared radiation emitted from the Earth 

surface and re-radiate some of this energy back toward the surface.
4-6

 This phenomenon 

is in part responsible for resulting temperature of the planet; without it the average 

temperature of the planet would be about -19 °C (-2 °F) instead of the actual average 

temperature, about 15 ° C (59 ° F).
7
 This infrared heating of the planet, which is additive 

to the heating by absorbed solar radiation, is commonly referred to as the “greenhouse 

effect”. In this context, we can presume that quantification of the total radiative flux due 

to greenhouse effect would allow us to quantitatively explain the climate change over the 

last century. Unfortunately, the overall effect cannot be described in such a simplistic 

manner because of the influence of atmospheric aerosols, small suspended particles in the 

atmosphere.
8-11

 These particles influence absorption and scattering of solar radiation,
12,13

 

formation of cloud condensation nuclei,
14,15

 atmospheric reactions,
16

 visibility
17

 etc. 

These phenomena reduce the amount of solar radiation that is absorbed by the climate 

system, and, as concentrations of aerosols have increased over the industrial era, have 

exerted a cooling influence on Earth's climate system that is confidently believed to have 

offset some of the warming influence of the incremental greenhouse gases.
18-21

 The 

overall radiative forcing on the earth, reported by Intergovernmental Panel on Climate 
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Change (IPCC), is shown in Figure 1.1 along with the uncertainty range. (IPCC, 2007) 

Noticeably, aerosol effects represent most of the negative radiative forcing on the 

climate. Moreover, the uncertainties of the several aerosol forcings substantially exceed 

those associated with the greenhouse gases and other forcings. Hence, it is evident that 

atmospheric effects of aerosols are vaguely understood at present.  Therefore, we will 

discuss the overall aerosol effects in the next section. 

 

Figure 1.1 Global radiative forcing of climate change in 2005 reported by 

Intergovernmental panel on Climate Change (IPCC) 
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1.2 Role of atmospheric aerosols 

The overall effect towards radiative forcing due to atmospheric aerosol particles 

are classified in mainly two categories, namely, direct and indirect aerosol effects.
22-24

 

The direct aerosol effect accounts for the total radiative forcing due to absorption of solar 

and infrared radiations by these particles; whereas the indirect effect mainly accounts for 

the effect of aerosol on formation and alteration of the nucleation of cloud condensation 

nuclei (CCN), influencing the overall cloud optical depth.  

The quantification of aerosol radiative forcing is more complex than the 

quantification of radiative forcing by greenhouse gases because aerosol mass, 

composition and particle number concentrations are highly variable in space and time.
25,26

 

This variability is largely due to the much shorter atmospheric lifetime of aerosols 

compared with the important greenhouse gases.
27,28

 The quantification of indirect 

radiative forcing by aerosols is especially difficult. In addition to the variability in aerosol 

concentrations, some quite complicated aerosol influences on cloud processes must be 

accurately modeled. Important parameters are size distribution,
29

 change in size,
30

 

chemical and elemental composition and particle water content with relative humidity 

(RH),
31

 complex refractive index,
32

 and solubility of aerosol particles.
33

 Therefore, these 

RH dependent changes in atmospheric particles are one of the most important studies to 

quantitatively understand total radiative forcing. Hence, an important field of research in 

recent years has been studies on particle size, composition, density, hygroscopic 

properties etc. of aerosol particles. 



4 

  

1.3 Hygroscopic properties: climate and health effects 

Hygroscopic properties of aerosols are their ability to uptake water as a function 

of RH. Aerosol particles with unique chemical components exert characteristic 

hygroscopic properties. Inorganic salts typically show deliquescent behavior, which 

means that they form liquid droplets as they dissolve at a material-specific deliquescence 

relative humidity (DRH). Upon decreasing RH, such particles crystallize at an 

efflorescence relative humidity (ERH). The ERH is typically lower than the DRH, 

resulting in a hysteresis effect. In contrast, other particles (e.g., malonic acid) grow 

monotonically with increasing RH and do not show deliquescence or efflorescence.
34

 

The hygroscopic properties of ambient aerosols play a major role in numerous 

areas of the environment ranging from large scale phenomena, such as global climate 

change, (IPCC report, 2007) to local events,
35

 such as the induction of adverse health 

effects in humans.
36

 For example, black carbon (BC) strongly absorbs UV and near 

infrared radiation and its direct aerosol effect is considered to be a principle contributor 

towards global warming.
37

 To the contrary, BC internally mixed or coated with a 

hygroscopic species serves as an efficient cloud condensation nuclei (CCN) and hence 

this indirect aerosol effect leads to an overall cooling effect towards the Earth climate.
38-

41
 Therefore, water uptake properties of these particles largely control the balance 

between global warming and cooling effect.
42

 

The chemical complexity and uncertainties in production mechanisms of 

atmospheric aerosol species pose difficulty to access its impact on public health/welfare. 

These interactions depend not only on composition but also on particle size, which is 

linked to composition owing to the process of hygroscopic water uptake.
43

 The aerosol 
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particles are often found to be a complex mixture of metals and other water soluble 

species. Metals do not contribute as much as the water-soluble species to the hygroscopic 

properties of the aerosol. Considering very humid condition of human respiratory tract,
44

 

the overall hygroscopicity of particles is crucial information to predict where they deposit 

upon inhalation.
43

 For example, report on aerosols collected near a copper smelter in 

Arizona showed that the maximum concentrations of As, Cd, and Pb in the particle size 

range of 0.18 - 0.55 m at 90% RH overlaps with the allowed concentration in human 

body. Therefore, these aerosols are of special concern from a health perspective, 

particularly considering their size range.
45

  

In addition to above mentioned effects, the aerosol water provides a medium for 

aqueous-phase chemical reactions that can alter the chemistry and morphology of 

particles. Hence, hygroscopicity of atmospheric particles can control fate of some 

chemical reactions in the atmosphere.
34

 In addition, particle size increase due to 

hygroscopic growth has a major influence on the direct radiative forcing of these 

particles.
34

  The hygroscopic behavior, including the exact DRH and ERH values of most 

atmospherically relevant inorganic salts, is well established.
46

 However, the hygroscopic 

growth of complex mixtures of inorganic and organic matter in ambient particles is 

difficult to predict from the properties of their individual constituents.
34

 Therefore, we 

will report new methods utilizing Scanning Transmission X-ray Microscopy (STXM), 

Atomic Force Microscopy (AFM) and micro-FTIR spectroscopy in order to quantify the 

hygroscopic properties of micro- and nano-dimensional particles with single as well as 

multiple chemical components. 
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1.4 Effect of particle density and elemental/chemical 

composition on climate 

The important radiative properties of atmospheric particles (both direct and 

indirect) are determined at the most fundamental level by the aerosol composition and 

size distribution.
34

 Elemental composition of the atmospheric particles strongly 

influences scattering and absorption of UV and infrared radiation,
42

 hygroscopic 

properties,
47

 complex refractive index etc.
34

 For example, UV and infrared absorption of 

BC is highest compared to other chemical components usually present in the 

atmosphere.
42

 Moreover, their climate effect varies widely with the inclusion (both 

externally or internally mixed) of sulphate, nitrate etc. Formation of Secondary Organic 

Aerosol (SOA) and the solubility of organic compounds in aerosols depend largely on the 

amount of organic oxygen in the sample under examination.
48

 Studies on the kinetics of 

various environmental oxidation and reduction processes have shown that the density and 

composition of the aerosol controls the kinetics.
49

 Hence, we realize the importance of 

quantifying density and elemental composition of atmospheric particles. Herein, we 

report a new method to simultaneously quantify the density and elemental composition of 

sub-micrometer particles. Moreover, a new method was developed that allowed us to 

calculate spatially resolved density and elemental composition to explore mixing state on 

a single particle basis.  

1.5 Scanning Transmission X-ray Microscopy (STXM) 

Scanning transmission X-ray microscopy (STXM) generates microscopic images 

of a thin section of specimen by raster-scanning in a focused mono-energetic X-ray 

beam.
50

 The flux of transmitted beam is measured to obtain the image intensity. The 
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cartoon in Figure 1.2 explains the basics of STXM. Along with microscopic images, X-

ray absorption spectra can also be obtained using this technique. Therefore, this technique 

falls into the category of ‘spectromicroscopy’ and applied to study chemical properties of 

materials along with observing morphology.  

 

Figure 1.2 Cartoon of STXM showing the data collection mode 

The working principle of STXM is near edge X-ray absorption fine structure 

spectroscopy (NEXAFS).
51,52

 NEXAFS spectroscopy measures photoabsorption cross 

section for excitation or photoionization of tightly bound core electrons. Hence, 

NEXAFS spectroscopic transitions are used as a chemically sensitive image contrast 

mechanism. These spectra are atom specific as each element has a characteristic core 

binding energy (i.e. Carbon 1s: ~290 eV, Nitrogen 1s: ~400 eV, and Oxygen 1s: ~530 

eV).
53

 The spectral feature corresponds to transitions from ground state to core excited 

states. Therefore, depending on the specific transitions to the core excited state, we can 

obtain functional group information. For example, Carbon 1s NEXAFS spectrum of 
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poly(styrene-r-acrylonitrile) is dominated by intense transitions at 285 eV and 287 eV 

corresponding to C 1s to π* transitions for phenyl and acrylonitrile group.
54,55

 Therefore, 

we have used this spectroscopy for characterization of several organic and inorganic 

materials in my work. 

STXM, being a transmission mode spectromicroscopic technique, is primarily 

used to obtain images of fine particles. As the signal in the image is directly proportional 

to type of element present at a particular X-ray energy, STXM is popularly used for 

spatially resolved chemical mapping of micrometer dimensional particles of complex 

chemical mixture.
56,57

 Depending on the absorption energy range for different elements 

and that element containing functional groups, absorption edges are defined (C: 280-320 

eV; N: 390-420 eV; O: 525-550 eV).
31,58

 Single energy images can be obtained at any 

particular energy in the absorption edge. The beginning and the end of the absorption 

edge is defined as preedge and postedge.
31,58

 For example, preedge and postedge for 

carbon is 280 and 320 eV, respectively. The pre-edge background arises from the 

combined absorption of other elements at that energy.
58

 The C postedge absorbance 

depends on the number of C atoms. Therefore, subtracting the preedge image from the 

postedge generates an image, which shows the intensity solely due to the presence of the 

carbon containing functional group in the sample. This type of imaging is called total 

absorbance map.
31

 Taking advantage of the total absorbance map in different (C, N, O) 

absorption edges, we have developed several unique methodologies to quantify physical 

properties such as hygroscopic properties, elemental composition, density, mixing state 

of micrometer dimensional particles on a single particle basis. 
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1.6 Organic materials in electronics and photovoltaics 

Organic materials have attracted significant attention in recent decades, resulting 

in rapid development of organic devices.
59,60

 Basic advantages in using organic materials 

lie in their unique properties such as their chemical versatility, purity, long range ordered 

structure, easier control of electrical, mechanical and optical properties by tuning 

chemical functionality.
61-64

 In particular, micro- and nanoscale organic crystals have been 

widely used in designing flexible devices. Recent studies using functionalized TTF 

(tetrathiafulvalene) showed fabrication of single crystal organic circuits that function with 

high performance and extremely low power consumption.
61

 In other studies 

semiconducting organic crystals are used to design OFETs,
65-67

 whereas most popular use 

of organic crystals was observed in OLED display technology.
68-70

 Photolithography in 

organic thin film has been performed for its applications as photoresist materials
71,72

 and 

used in solar cells.
73-75

 Applicability of these materials depends largely on the structure-

property relationship.
61

 For example, highly conjugated molecules with strong 

conjugation with the neighboring molecules often results in high mobility values. 

Therefore, development of new materials and characterizing their electrical,
76

 

mechanical
64

 and optical
77,78

 properties has been popularly studied by researchers in 

recent years. 

1.7 Solid state single-crystal-to-single-crystal (SCSC) 

reaction in cocrystals and its applications 

Single-crystal-to-single-crystal (SCSC) reactions are defined as the class of solid 

state reaction of a single crystal to form the product without any changes in crystal 

integrity.
79,80

 Although this phenomenon has been rarely observed where the crystal 
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remains virtually unchanged after the solid state reaction, several examples of this type 

has been reported for cocrystals in the literature.
64,81

  The cocrystals are defined as a 

multicomponent crystal in which all components are solid under ambient conditions 

when they are in pure form;
82

 these components co-exist as a stoichiometric ratio of 

target molecule and a molecular cocrystal former. Cocrystals are an exciting group of 

material as the composition of the matter and chemical/physical properties of a molecular 

species can be modified without any changes in covalent bonding.
82-84

 

Cocrystals has been utilized in several applications in pharmaceutical science,
82

 

data storage devices
85

 and molecular switches
86

 etc. For example, the diversity in 

pharmaceutical cocrystals provides exciting opportunity to design novel and improved 

forms of active pharmaceutical ingredients (APIs).
82

 For example, carbamazepine (CBZ) 

are popularly used in anti-epileptic drug Tegretol
®

 for decades and its physical stability 

has been significantly improved by forming CBZ : saccharin cocrystals.
87,88

 Cocrystals of 

fluoxetine hydrochloride (Prozac
®
) with benzoic, succinic and fumaric acid showed 

significant changes in aqueous dissolution rate of the drug.
89

 Therefore, cocrystals of 

APIs bring about intriguing modification in their physicochemical properties and hence 

popularly applied in pharmaceutical industry. Moreover, the simplistic approach of solid 

state synthesis provides an added dimension to their applicability.
82

 

Use of SCSC reactivity in device applications has also been well documented in 

data storage device and photoactivated molecular switch.
85,86

 Cycloaddition reactivity of 

photochromic compounds such as diarylethenes in solid state has been reported to 

dramatically augment the memory density in data storage devices as compared to the 

conventional materials.
90

 Therefore, these materials are considered among the most 
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promising materials for the future of data storage devices.
90

 In addition, Li et al reported 

a successful design and synthesis of a fluorescent switch material system by utilizing 

photochemical reactivity of diarylethylene.
91

 Herein, it is worthwhile to mention that 

[2+2] photocycloaddition and photocycloreversion is photo-allowed and thermo-

forbidden reaction, making the molecular switch system thermally stable.
91

 

1.8 SCSC reactivity and mechanical properties 

Due to the structural changes during a solid state photoreaction, large strain 

energy generates within the crystal, leading to the possibility of crystal cracking.
92,93

 

Hence, effective stress and strain relaxation within the crystal network is necessary for a 

SCSC reaction to occur.
64,94

 On the other hand, stress and strain is inherently related with 

the mechanical properties of the materials. Therefore, we have studied the changes in 

mechanical properties in a SCSC reaction involving [2+2] cycloaddition reaction of 5-

CN-resorcinol and trans-1,2-bis(4-pyridyl)ethylene (4,4’-bpe).
64

 In order to understand 

the dependence of SCSC reactivity on mechanical properties of the material, we need to 

explore structure property relationship of several other cocrystal systems which can 

undergo similar [2+2] cycloaddition reaction. In this report, we show mechanical changes 

involved in several other cocrystals involving 4,4’-bpe. The ultimate goal of these 

measurements is to establish a relation of structure and SCSC reactivity with mechanical 

properties of the cocrystal.  

1.9 Conclusions 

Realizing the importance of the effect of aerosol particles in the atmospheric, we 

have designed several novel methodologies to accurately quantify their physicochemical 
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properties. Hygroscopic properties, elemental composition and density, study of 

atmospheric tautomerism reaction has been perform taking advantage of unique and 

powerful spectromicroscopic techniques, such as STXM, micro-IR, AFM and Scanning 

Electron Microscopy (SEM). The ability of STXM to obtain chemical information along 

with a sufficient spatial resolution enables us studying single particle hygroscopic 

properties along with spatially resolved density and elemental composition. The direct 

applicability of these studies has been realized in this work in the context of 

environmental fate of atmospheric particles. 

Importance of unique physical properties of nanocrystalline organic materials has 

been realized in the context of device application. AFM nanoindentation technique was 

used to study mechanical properties of organic nanocrystals. Mechanical changes 

associated with SCSC reactivity of these materials were examined.  Moreover, structure 

and mechanical property correlation has been established by introducing structural 

changes in the nanomaterials. Furthermore, the potential device application ability of 

these nanocrystals is demonstrated by forming thin films of these materials. 

Photolithography on the thin film showed its potential application as a photoresist. 
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CHAPTER 2 

HYGROSCOPIC BEHAVIOR OF INDIVIDUAL SUB-MICROMETER 

PARTICLES STUDIES BY X-RAY SPECTROMICROSCOPY 

2.1 Introduction 

Airborne particles from various natural and anthropogenic sources have 

significant effects on the atmospheric chemistry,
95-97

 climate,
98

 and air quality.
99

 The 

climate effects are classified as direct and indirect aerosol effects.
100,101

 The direct effect 

corresponds to the net radiative flux in the atmosphere caused by the modulation of light 

scattering and absorption by alteration in concentration and optical properties of aerosols. 

The indirect effect accounts for the changes in net radiative transfer in the atmosphere 

caused by the modulation of cloud properties due to changes in the concentration of cloud 

condensation nuclei, CCN.
100,102

 Both effects depend on particle shape, size, phase, 

chemical composition, mixing state, and particle water content,
103-108

 all of which may 

strongly depend on relative humidity (RH).
109

 Thus, as atmospheric humidity fluctuates, 

airborne particles can experience humidity-dependent changes in the particle size, phase, 

concentration, and even chemical composition.
110-112

 Such changes cause both positive 

and negative effects on the interplay between the direct and indirect aerosol effects, 

making overall prediction of the radiative forcing difficult.
113,114

 Therefore, studies 

focusing on the changes in the chemical composition or reactivity of aerosols as a 

function of relative humidity are important, especially on a single particle level.
115-118

 

Studies that focus on individual particles allow one to not only determine an ensemble-

averaged response but also probe how, for example, particle size and shape influences the 

hygroscopic properties. The size-dependent chemical and hygroscopic properties become 
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especially noteworthy for fine (submicrometer) atmospheric aerosols.
119,120

 Therefore, 

development of analytical methods for quantitative measurements of hygroscopic and 

chemical properties of individual submicrometer particles is critical for better 

understanding of their environmental effects. 

Hygroscopic properties of aerosols are typically defined by two phase transitions, 

deliquescence and efflorescence, and the extent of hygroscopic growth as a function of 

RH. Deliquescence is a phase transition from the solid to liquid state due to rapid 

absorption of water, while efflorescence is the reverse transition from the liquid to solid 

state that is accompanied by a spontaneous release of water. These transitions occur at a 

characteristic relative humidity, specific of a particular particle composition and size. The 

relative humidity at which deliquescence and efflorescence occur are defined as 

deliquescence relative humidity (DRH) and efflorescence relative humidity (ERH), 

respectively. DRH and ERH values have been established for many atmospherically 

relevant submicrometer inorganic particles.
34,46,121,122

 However, changes in the chemical 

properties and mixing states as a function of relative humidity are yet to be studied 

extensively, especially for aerosols consisting of a mixture of organic and inorganic 

compounds. Different microscopy and spectromicroscopy techniques have been used to 

study the hygroscopic properties of atmospheric particles. For instance, environmental 

scanning electron microscopy (ESEM) has been utilized to study hygroscopic properties 

and changes in morphology of NaNO3 particles and their implications for aged sea salt 

aerosols.
123

 Environmental transmission electron microscopy (ETEM) was used to 

observe the hygroscopic and morphological changes of laboratory generated sodium 

chloride particles by imaging the same particles at increasing relative humidity.
124

 Both 
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techniques provide a direct way to determine the DRH and ERH on a single particle basis 

but cannot be used to quantify the extent of water uptake. On the other hand, uptake of 

water by laboratory generated micrometer-sized NaCl, sea salt, NaNO3, and (NH4)2SO4 

particles have been quantified using micro-FT-IR spectroscopy,
125

 which determines 

ensemble-average hygroscopic properties but does not permit measurements on a single 

particle basis nor provides imaging resolution capable of resolving submicrometer 

particles. Additionally, several other techniques including tandem differential mobility 

analysis and electrodynamic balance and micro-Raman spectroscopy have been used to 

quantify hygroscopic properties on a single particle basis, but similar to micro-FT-IR, the 

spatial resolution is not sufficient to resolve submicrometer particles.
126-129

 

Another aspect of the aerosol research is to examine changes in the optical and 

chemical properties as a function of relative humidity. For example, a combination of 

particle soot absorption photometer, photoacoustic spectrometer, and scanning mobility 

particle analyzer techniques was used to characterize the optical and physical properties 

of aerosols in the Amazon Basin during biomass burning season.
130

 Moreover, the partial 

crystallization and deliquescence of mixed ammonium sulfate and dicaboxylic acid 

particles was studied during water uptake and evaporation using a combination of elastic 

light scattering and Raman spectroscopy.
131

 Overall, while numerous techniques exist 

that permit either qualitative or quantitative determination of the hygroscopic properties 

of particles, there is no experimental approach available until now that allows 

quantitative characterization of the spatially resolved hygroscopic and chemical 

properties of individual submicrometer particles as a function of relative humidity. 
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Scanning transmission X-ray microscopy (STXM) is a unique spectromicroscopic 

technique that can provide spatially resolved information on the physical, morphological, 

and chemical properties of individual particles as a function of relative humidity.
132,133

 

STXM provides a unique opportunity to investigate the spatial resolution (∼25 nm) of 

carbon, nitrogen, and oxygen atom containing functional groups of different 

environmental samples by means of near edge X-ray absorption fine structure (NEXAFS) 

spectroscopy. NEXAFS spectroscopy probes an excitation of core electrons by soft X-

rays into unoccupied valence orbitals and provides element-specific functional group 

information.
134

 STXM has been used to determine chemical speciation of environmental 

particles such as biomass burn tarballs,
58

 marine particles,
135

 and particles collected in 

urban areas of Mexico City.
136

 In addition, STXM has been also utilized to study the 

nighttime chemical evolution of particles from coal-fired power plant plume
137

 and probe 

oxidation state and morphology of iron-containing particles from various field 

campaigns.
138

 

In this work, we present a novel application of STXM/NEXAFS that allows 

quantitative analysis of physical, chemical, and hygroscopic properties of individual 

submicrometer particles. The approach is developed to measure the water-to-solute ratios 

of individual submicrometer particles. The approach utilizes quantitative X-ray 

absorption measurements in the presence of water vapor. In the present paper, we report 

single particle hygroscopic measurements of a series of atmospherically relevant sodium 

halide and nitrate particles as a function of relative humidity. The samples were selected 

in part because the hygroscopic properties for some have been previously reported, 

providing us with an opportunity to validate the developed approach. 
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2.2 Experimental section 

2.2.1 Materials and sample preparation 

Particles of NaCl, NaBr, NaI, and NaNO3 were generated using a constant output 

atomizer (TSI, Inc., model 3076) from aqueous 0.5 M solutions prepared from reagent-

plus-grade chemicals (99.99%+ purity, Aldrich). All solutions were prepared with 

deionized water (18 MΩ· cm). The generated particles were dried down to ∼30% RH in a 

diffusion dryer (TSI, Inc., model 3062) prior to sizing and substrate deposition using a 

micro-orifice uniform deposit impactor (MOUDI) (MSP, Inc., model 110). Particles were 

deposited on Si3N4 windows (Silson Ltd., England) mounted on the impaction plate of 

the seventh stage. The aerodynamic cutoff size of the seventh stage is 0.56 μm. All 

samples were prepared at room temperature and used within a couple of days after the 

preparation. 

2.2.2 Scanning Transmission X-ray Microscopy (STXM) 

Single energy images and oxygen (O) K-edge near edge X-ray absorption fine 

structure (NEXAFS) spectra were acquired using a STXM instrument on beamline 5.3.2 

of the Advanced Light Source at Lawrence Berkeley National Laboratory (Berkeley, 

CA). For STXM measurements, the X-ray beam is focused with a custom made Fresnel 

zone plate onto the sample, and the transmitted light intensity is detected. The diffraction 

limited spot size at the sample was ∼25 nm for these experiments. Images at a single 

energy are obtained by raster-scanning the sample at the focal plane of X-rays and 

collecting transmitted monochromatic light as a function of sample position. Spectra at 

each image pixel or a particular sample region are extracted from a collection of images 
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recorded at multiple photon energies across the absorption edge. Dwell times used to 

acquire an image at single photon energy were typically 0.5 ms per pixel. To quantify the 

absorbance signal, the measured transmitted intensity (I) is converted to optical density 

(OD) using the Beer-Lambert’s law:
139

 OD = ln (I/I0) = μρd, where I0 is the incident 

photon flux intensity, d is the sample thickness, and μ and F are the mass absorption 

coefficient and density of the sample material, respectively. Incident beam intensity is 

measured through the area of substrate free of particles. The particle spectrum is obtained 

by averaging the absorbance signal over the particle projection area on the substrate. The 

X-ray energy calibration (accuracy of ±0.05 eV) is performed using addition of CO2 gas 

(6 Torr) to the STXM chamber and through comparison of the position of CO2 Rydberg 

transitions at 292.74 and 294.96 eV.
140

 

NEXAFS spectral features arise from electronic resonance transitions of core 

electrons specific to different bonding of elements (e.g., different functional groups) and 

involve both 1s to π* and/or 1s to σ* transitions. Peaks arising due to σ* transitions are 

usually broader than for π* transitions and superimposed on the photoionization 

continuum. Spectra from 1s electrons for O atoms are in the energy region of 525-550 

eV. The pre-edge background arises from the combined absorption of other elements at 

that energy. The O postedge absorbance depends on the number of O atoms. The total O 

absorbance is defined as the difference between the O postedge absorbance at 550 eV and 

the O pre-edge absorbance at 525 eV. The total O absorbance is directly proportional to 

the number of oxygen atoms inside a particle and can be used as a direct measure of 

oxygen concentration.
58

 In the present study, the total O absorbance is used to quantify 

the amount of O atoms present in the particle at various relative humidity (RH).  
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STXM experiments at different RH were afforded by sequentially adding 

controlled amounts of water vapor into the STXM chamber from a stainless bulb 

containing room temperature deionized water (18 MΩ· cm). Prior to addition of water 

vapor, the chamber was evacuated to a pressure of 80 mtorr. The amount of water vapor 

added to the STXM chamber was regulated using a mechanical leak valve and measured 

using a capacitance manometer. Water vapor pressure range used here is between 0.1 and 

22 Torr. The temperature inside the chamber was around 26 °C, and the saturated 

equilibrium water vapor pressure at this temperature is 25.2 Torr.
141

 The RH was 

calculated by dividing the corresponding water vapor pressure by the saturation vapor 

pressure. After each change of water vapor pressure in the system and prior to the STXM 

measurements at a particular RH, a typical delay time of approximately 5 min was 

necessary to obtain stable and reproducible STXM images and single particle NEXAFS 

spectra. 

2.3 Results and discussion 

The work is organized in the following way. We first report STXM measurements 

in the presence of water vapor utilized to establish the maximum RH that can be used 

without limiting quantitative nature of the X-ray absorbance measurements. Second, we 

present the experimental approach used to obtain spatially resolved water uptake 

measurements on individual submicrometer particles. Next, we describe a model 

developed for quantifying mass of water within an individual particle and demonstrate 

model application for particle standards with known hygroscopic properties: NaCl, NaBr, 

NaI, and NaNO3 particles. Finally, we present the NEXAFS spectra of deliquesced 

particles that provide important information on chemical environment of the content. 
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Specifically, we present spectroscopic evidence of the halide-water complex formation in 

deliquesced particles that can alter their optical properties and influence the atmospheric 

halogen cycle. 

2.3.1 STXM/NEXAFS measurement with water vapor 

The first set of experiments was conducted to determine the range of RH at which 

STXM can operate and provide quantitative X-ray absorbance measurements. Addition 

of water vapor to the STXM chamber provides a number of light absorbing gas phase 

water molecules in the path of the X-ray beam that can attenuate the intensity of 

transmitted light and, thus, contribute to the measured absorbance signal. To determine 

the absorbance due to the presence of water vapor, O K-edge NEXAFS spectra were 

acquired at different RH through a sample-free Si3N4 substrate. Figure 2.1a shows the O 

K-edge NEXAFS spectra at five selected RH. Here, only a narrower spectral range out of 

the measured energy range between 525 and 550 eV is shown to better visualize the main 

resonance transitions of water. For all spectra, the corresponding constant linear pre-edge 

background signal (525 eV) was subtracted to remove the absorbance due to the Si3N4 

substrate. Therefore, the background-subtracted spectra provide a direct way to measure 

the amount of water present inside the chamber. As expected, the absorbance is 

increasing at higher RH. 
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Figure 2.1 (a) NEXAFS oxygen K-edge spectra of water vapor in STXM chamber at 
different RH values. Vertical lines indicate three main electronic transitions at 
534, 536, and 537.2 eV. (b) Total O absorbance (550-525 eV) of water vapor 
is plotted as a function of RH. Triangles are the measured absorbances, and 
the solid line is a linear fit with zero intercept. The linear dependence 
confirms the applicability of the Beer-Lambert’s law within the studied RH 
range (∼2-90%). 

The water vapor spectra have three main sharp transitions at 534, 536, and 537.2 

eV, as indicated by vertical lines in Figure 2.1a. The spectral profile and transition 

energies observed here are in excellent agreement with the literature.
142-144

 In particular, 

the peak at 534 eV corresponds to 1s to 4a1 transition,
142-144

 the peak at 536 eV is the 1s 

to 2b2 transition,
142-144

 and the peak at 537.2 eV accounts for the 1s to 3pb1/3pa1 Rydberg 

transition.
145

 According to the Beer-Lambert’s law, the total O absorbance (550-525 eV) 

should be directly proportional to the number of gas phase water molecules. Thus, a 
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linear relationship is expected between the total O absorbance and the corresponding RH. 

Figure 2.1b shows the plot of the total O absorbance of gas phase water molecules as a 

function of RH, and the solid line shows the best linear fit with zero intercept (R
2
 = 0.98). 

The observed linear correlation indicates that the Beer-Lambert’s law is applicable 

between the ∼2% and 90% humidity range, and the amount of gas phase water molecules 

can be quantified on the basis of these measurements. 

2.3.2 Spatially resolved water uptake measurement 

For these experiments, single energy STXM images are first acquired prior to 

adding water vapor to locate an individual particle or a collection of individual particles 

deposited on a Si3N
4
 substrate. Once a particle is located, transmitted intensity images 

over the same sample region that include the particle is collected at the O pre-edge (525 

eV) and postedge (550 eV) energies. The images are next converted to the corresponding 

absorbance images in the optical density (OD) units. Finally, by subtracting the OD 

preedge image from OD postedge image, the O absorbance map is generated. The O map 

provides spatially resolved (∼25 nm) information on the concentration of O atoms 

detected within a region of interest. Subsequently, a controlled amount of water vapor is 

added until a desired RH is reached. After allowing the system to equilibrate for at least 5 

min, new O pre-edge and postedge single energy STXM images are collected over the 

same sample region and then converted to the O map. The experiment is repeated at 

increased RH until a desired maximum value is reached. The combined results provide a 

series of quantitative O maps at various RH collected over either the same particle or an 

ensemble of particles. This completes the hydration part of the experimental cycle. The 

dehydration part is obtained by gradually decreasing the water vapor pressure in the 
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STXM chamber. Ultimately, the combination of hydration and dehydration paths 

generates a full hydration/dehydration cycle that includes a series of spatially resolved 

single energy O pre-edge and postedge absorbance images and O absorbance maps at 

various RH obtained over the same individual particle or a collection of particles.  

 

Figure 2.2 Typical sequence of STXM absorbance maps (2 μm × 2 μm, OD units) 
collected during the hydration/dehydration cycle over the same NaCl particle. 
(a) O pre-edge (525 eV) map of the particle at 71% RH (below DRH) and (b) 
corresponding O map (550 eV - 525 eV) showing absence of O within the 
particle. (c) O map immediately after 75% DRH. (d) O map before the 48% 
ERH and during the dehydration path. (e) O map at 44% after efflorescence 
displaying zero absorption by O and (f) corresponding O pre-edge map. 

Figure 2.2a-f illustrates this approach with a series of selected single energy 

absorbance images and O absorbance maps obtained by monitoring changes in the size 

and total O absorbance of an individual NaCl particle deposited on a Si3N4 substrate. The 

hydration/dehydration cycle was performed between ∼2% and 90% RH. All images 
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shown in Figure 2 have the same size of 2 μm × 2 μm and were collected over the same 

particle. The color bars indicate changes in the absorbance in OD units where the lighter 

color corresponds to particle regions with higher absorbance. No changes in the particle 

shape, size, or total O absorbance were detected until the deliquescence RH was reached. 

Figure 2.2a shows an O pre-edge (525 eV) absorbance map of the particle at 71% RH 

prior to deliquescence. The particle has crystalline prism morphology with a base size of 

approximately 550 nm × 900 nm. The O map at this RH is shown in Figure 2b and 

indicates zero oxygen absorbance (<0.02 OD) in the particle, confirming the absence of 

water inside the particle. Figure 2.2c shows O map of the particle at 75% RH, collected 

immediately after the deliquescence phase transition. A drastic change in the particle size 

and shape, as well as a significant increase in the total O absorbance is observed. 

Specifically, particle shape has changed from the prism morphology to a rounded shape 

with a geometrical mean diameter of approximately 1.6 μm. The maximum total O 

absorbance determined at a center of the particle has increased from 0 to 0.65 OD. These 

observations clearly imply the deliquescence has occurred and the crystalline NaCl 

particle transformed into the microdimensional droplet at DRH 73 ± 2%. 

During the dehydration path, a decrease in RH led to a continuous decrease in the 

particle size and the total O absorbance until the efflorescence relative humidity (ERH) of 

46 ± 2% was reached. At the ERH, reverse phase transition has occurred and the particle 

returns to the original solid state. Figure 2.2d,e shows O maps before (panel d, 48% RH) 

and immediately after (panel e, 44% RH) efflorescence. At 48% RH, the maximum total 

O absorbance is 0.35 OD and the particle size is approximately 1.3 μm. Immediately after 

the ERH, the maximum total O absorbance of the particle decreased to zero (<0.02 OD). 
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(Figure 2.2e) The zero total O absorbance implies the particle is fully dehydrated and 

does not retain water after efflorescence. Figure 2.2f shows an O pre-edge (525 eV) map 

of the particle at this RH where a clear change in the particle size and shape is observed 

with the particle becoming irregular with the base size of approximately 1 μm × 0.7 μm. 

Further decreases in the RH until ∼2% did not lead to observable changes in the size and 

O absorbance of the particle, as expected. 

It is worthwhile to comment on the O absorbance sensitivity of the STXM 

measurement. The change in the particle size during the dehydration path between 75% 

and 48% RH is relatively small (1.6 versus 1.3 μm). On the other hand, the maximum 

total O absorbance decreased from 0.65 OD at 75% RH to 0.35 OD at 48% RH. The fact 

that the relative change in the total O absorbance between these two RH values is ∼50% 

while the change in the size is only 19% clearly indicates a superior STXM detection 

sensitivity as compared to other microscopy techniques, such as ESEM or 

ETEM.
123,125,146

 For the later two, direct determination of the water-to-solute ratio is not 

possible and RH-dependent changes in the cross-sectional size are used instead to 

estimate the hygroscopic response.
147

 In the next section, we present an analytical 

approach we developed to quantify changes in the particle size and the amount of water 

uptake during the hydration/dehydration cycle and how it can be used to accurately 

determine the mass of water and water-to-solute ratio within an individual particle at 

various values of RH. 

2.3.3 Quantifying mass of water on a single particle basis 

To determine the mass of water quantitatively on a single particle basis, we 

employ an averaged cross sectional analysis of the O maps collected at different RH over 
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the particle. A typical O map of the deliquesced NaCl particle (80% RH) is shown in 

Figure 2.3a, where vertical lines indicate the map region selected to obtain the averaged 

vertical cross-sectional profile shown in Figure 2.3b. The profile averages all horizontal 

image pixels absorbances for a particular vertical coordinate resulting in a single 

averaged absorbance value for this coordinate. From the profile, the vertical full width at 

the half-maximum (fwhm, Δy) and the maximum averaged O absorbance (ODmax) are 

recorded. Similarly, the averaged horizontal cross-sectional profile is used to determine 

the horizontal fwhm (Δx) and the maximum averaged total O absorbance. The maximum 

averaged values of total O absorbance obtained from the horizontal and vertical cross 

sections are similar, and the average of two is used. As will be described below, the 

similarity in the absorbance values is expected. In a case when the particle is elongated, 

the horizontal and vertical cross sections are performed along the two main axis of the 

particle. Overall, for each particular RH, the data analysis results in recording the 

horizontal and vertical fwhm along with the maximum averaged total O absorbance. 
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Figure 2.3(a) Typical O absorbance map (2 μm × 2 μm) of a deliquesced NaCl particle 
(80% RH). White vertical lines indicate the map region selected to obtain the 
averaged vertical cross-sectional profile shown in (b). The profile is used to 
determine the vertical fwhm (Δy) and the maximum total O absorbance 
(ODmax). (c) Representative AFM height image (2 μm × 2 μm) of a similar 
size deliquesced NaCl particle (80% RH) showing a half-ellipsoidal shape 
with the particle height approximately three times smaller than the diameter. 

In order to relate the cross-sectional measurements described above to the O mass 

determination, two main assumptions were used: particle shape is a half-ellipsoid and 

water inside the particle is homogeneously distributed within the particle. Both 

assumptions can be justified as follows. Since STXM cannot differentiate particles with 

the half and full ellipsoidal shape, complementary single particle atomic force 

microscopy (AFM) measurements were performed on the same samples that were studied 

with STXM. A representative AFM height image of a NaCl particle after deliquescence 

(80%) is shown in Figure 2.3c. The observed shape is indeed a half-ellipsoid with the 

particle height approximately three times smaller than the diameter. Similar 
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measurements were also performed for NaBr, NaI, and NaNO3 particles; all displayed 

half-ellipsoidal shapes, therefore justifying the shape assumption above. The second 

assumption can be directly inferred from the spatially resolved O maps. Since 

homogeneous distributions (∼25 nm resolution) of O atoms within the particles were 

observed for all samples (NaCl, NaBr, NaI, and NaNO3), the water molecules are indeed 

uniformly distributed within the particle. We note that these assumptions may not be 

applicable in some cases, however, and more sophisticated models may be required. 

These may include other particle shapes and include factors that account for possible 

inhomogeneity of water within and around the particle. 

A brief description of the model and corresponding derivations is presented here. 

On the basis of the equation of a standard axis-aligned half-ellipsoid in a xyz-Cartesian 

coordinate system, the averaged vertical cross-sectional height <zver(y)> as a function of 

vertical coordinate y can be determined from the following equation: 

        〈    ( )〉  
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√     ………………(1) 

where a and b are the equatorial radii of the half-ellipsoid along the horizontal (x) and 

vertical (y) axis that lie within the substrate plane, and c is the polar radius along z axis 

normal to the substrate. From eq 1, the maximum averaged height can be calculated by 

equaling the y coordinate to zero, resulting in the value <zver(max)> = cπ/2. An identical 

result can be obtained for the maximum averaged height using the averaged horizontal 

cross sectional profile. The maximum averaged height can then be related to the 

maximum averaged total O absorbance using the Beer-Lambert’s law: 
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……………….. (2) 

where ρ is the density of O atoms within the particle and µ is the difference in mass 

absorption coefficients for atomic O between 550 eV and 525 eV.  The difference in mass 

absorption coefficients is calculated from the atomic scattering factors and found to be 

1.96 x 10
4
 cm

2
/g.

58
 The mass of O atoms inside the particle, mO, is then calculated by 

multiplying the volume of the half-ellipsoid (  (   )    ) to the O density (ρ) 

determined from Eq. 2, resulting in the following equation for the O mass: 
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Again using the half-ellipsoidal particle shape assumption, the equatorial radii a 

and b can be directly related to the horizontal and vertical FWHM determined from the 

averaged cross-sectional analysis above, giving rise to a = ∆x/√  and b = ∆y/√ .  

Substituting these two parameters to Eq. 3, the mass of O atoms within the particle can be 

calculated by 
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The model developed here in the final form of eq 4 provides a direct link between 

the experimentally measured O-edge absorbance and the O mass. To determine the mass 

of water, scaling by the molecular weights of O and water is performed. If O atoms are 

present in the molecular formula or there is some amount of water in the particle prior to 

exposure to water vapor, eq 4 can be used to calculate the initial O mass and then subtract 

it from the measurements at other RH. We also note a somewhat interesting result that, 

while STXM measurements alone cannot be used to calculate the density of O nor 
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determine height of the particle, the model nonetheless still allows us to estimate the 

oxygen mass. The quantitative determination of mass of water within individual particles 

that this approach uniquely permits is important for visibility and air quality research.
148

 

In particular, different models are currently used to predict the mass of water in airborne 

particles using various experimental parameters such as light scattering properties or 

particle size.
148-150

 However, the estimations are not accurate in part due to propagation 

and amplification of uncertainties when mass is computed.
150

 Therefore, a direct way to 

measure mass of water within a compound of unknown composition is important. 

Moreover, we present below how the model can be extended to determine water-to-solute 

ratio within individual particles with known or measured composition. To summarize, the 

experimental approach developed here provides a direct and accurate analytical method 

to measure mass of water within a submicrometer particle of unknown composition and 

also determine water-to-solute ratio for a known composition of fine particles. In the next 

section, we present our experimental results that validate this model, thus uniquely 

offering an opportunity to quantify the mass of O or water on a single particle basis. 

2.3.4 Hygroscopic properties of individual NaCl, NaBr and 

NaI and NaNO3 particles 

Using the cross-sectional analysis and eq 4 described above, the mass of water 

within a single particle at various RH during the hydration/dehydration cycle was 

measured on individual submicrometer NaCl, NaBr, NaI, and NaNO3 particles. These 

measurements provide a direct way to measure the amount of water in units of mass on a 

single particle basis. In this paper, a total of ten different individual NaBr, four NaI, three 

NaCl, and four NaNO3 particles were studied. Particles with the same composition 
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displayed a similar hygroscopic response with obvious variations in the O mass due to 

differences in the particle sizes. Figure 2.4 shows representative plots of the mass of 

water as a function of RH for NaCl, NaBr, and NaI particles with sizes of approximately 

0.7, 0.6, and 0.5 μm, respectively. Several conclusions are readily available from the data. 

First, all particles showed zero initial water content, implying the particles are fully 

dehydrated. Second, clear deliquescence and efflorescence phase transitions were evident 

by abrupt changes in the mass of water and were observed for all halide particles. 

Specifically, the DRH values are 73 ± 2%, 45 ± 4%, and 19 ± 4%, while the ERH values 

are 46 ± 2%, 22 ± 1%, and 10 ± 1% for the NaCl, NaBr, and NaI submicrometer 

particles, respectively. Measured values for the NaCl and NaBr are in excellent 

agreement with the previously reported results.
124,125,147

 Below, we will present a 

comparison figure between our measurements for the DRH and ERH and that based on 

the literature accepted values. We were unable to find the hygroscopic measurements for 

NaI and would not compare our measurements with the literature. Thus, to the best of our 

knowledge, the hygroscopic properties of NaI shown in Figure 2.4c were not reported 

previously. We note the DRH and ERH values systematically decrease for the halide salts 

with the largest for the NaCl and lowest for NaI. The trend is due to an increase in an 

anion size from Cl
-
 to Br

-
 and then to I

-
 that corresponds to a decrease in the lattice 

energy from NaCl to NaBr and then NaI.
151,152

 Finally, a close inspection of the 

dehydration path for the NaI particle after the ERH shows the particle still retains a small 

amount of water, unlike other halides. 
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Figure 2.4 Plot of the mass of water during hydration and dehydration cycle as a function 
of RH for an individual 0.7 μm NaCl particle (a), 0.6 μm NaBr particle (b), 
and 0.5 μm NaI particle (c). 

Since the halides do not contain O atoms, their concentration within a particle 

cannot be measured directly by STXM. However, using eq 4 and the cross-sectional 

analysis of the O pre-edge OD image that contains dry particle allows us to determine a 
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normalization factor, defined as an effective mass here, which is directly proportional to 

the halide concentration within the particle. The effective mass is determined using eq 4 

where the maximum averaged optical density is obtained from the O pre-edge map 

instead of the total O map used for mass of water measurements. The effective mass can 

then be used as a normalization factor to scale the mass of water. We utilized this scaling 

approach for all halide particles studied here, and particles with the same composition all 

displayed a practically identical normalized hygroscopic response (Figure 2.5) with a 

small deviation that presumably originates from particle to particle variation. This 

confirms that such scaling can be used to remove the solute concentration contribution to 

the mass of water measurements and allows, in principle, one to study how the size of the 

particle influences the hygroscopic properties. The fact that no size variation was 

observed for these samples is expected since the particles studied here were around 500 

nm in size, significantly larger than sizes of up to 60 nm where size-dependent 

hygroscopic properties were observed.
109
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Figure 2.5 Plot of hygroscopic response of three submicron NaCl particles of different 
sizes as a function of relative humidity with mass of water in absolute scale 
(a) and normalized by the corresponding effective mass (b) P1, P2, and P3 
refers to three different individual NaCl particles.  

We next turned to NaNO3 since, unlike the halides, this molecule has three O 

atoms and, thus, the O absorbance measurements can be used to determine the initial 

amount of the solute (NaNO3). When the initial number of solute molecules is measured, 

water-to-solute ratio (WSR) can be determined in addition to the mass of water. Figure 

2.6 shows a representative plot of how WSR during the hydration/dehydration cycle 

depends on RH for an individual NaNO3 particle. The hydration path exhibits 

deliquescence at around 75% RH, while efflorescence is observed at approximately 35% 

RH. Both transitions are in close agreement with the previously reported measurements 

by Tang and Munkelwitz,
153

 indicated by the solid line in Figure 2.6. Nearly perfect 

overlap provides strong evidence that our measurements and model interpretation are 

accurate and produce results that are in quantitative agreement with the literature data. To 

further validate our approach, our experimentally determined DRH and ERH values for 

NaCl, NaBr, and NaNO3 are compared with the available literature data and the 
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comparison plot is shown in Figure 2.7. As can be seen, our results agree very well with 

the accepted literature values. In summary, results obtained using several laboratory-

generated inorganic particles and their excellent agreement with the corresponding results 

obtained using accepted experimental methods strongly indicate that our methods for the 

determination of the humidity-dependent mass of water on a single submicrometer 

particle basis are valid and can be used to obtain accurate and quantitative results. We 

note the approach developed here not only is limited to atmospherically relevant particles 

but also can be similarly applied to all types of nano- and micro-dimensional particles 

where quantitative knowledge of the hygroscopic properties is required. 

 

Figure 2.6 WSR during hydration and dehydration as a function of RH for an individual 1 
μm NaNO3 particle. The solid line shows the literature result taken from Tang 
et al.

153
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Figure 2.7 Plot of the experimentally determined DRH and ERH values using STXM 
versus the corresponding literature values for NaCl, NaBr, and NaNO3.  

2.3.5 NEXAFS spectra of microdimensional liquid droplets 

One of the greatest utilities of STXM is it uniquely allows spatially resolved 

NEXAFS measurements on an individual submicrometer deliquesced particle. This 

allows, for example, one to study particles with a complex mixture of multiple 

components that may be mixed externally and have different solubility. The spatially 

resolved NEXAFS spectra of individual particles can be acquired to determine how 

different constituents within the particle respond to water uptake. Here, we report O K-

edge NEXAFS spectra of deliquesced NaCl, NaBr, and NaI droplets. All spectra were 

preedge background subtracted and normalized to the total O absorbance, hence allowing 

one to compare the relative concentrations of corresponding O-containing functional 

groups. Figure 2.8a shows liquid phase O K-edge NEXAFS spectra for NaCl, NaBr, and 

NaI micrometer dimensional liquids at 80%, 50%, and 50% RH, respectively. The same 

particles were also used for the hygroscopic measurements presented above. In general, 

spectral features of liquid water are red-shifted relative to the gas phase.
154

 All spectra 
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share two well-defined peaks at approximately 535.1 and 537.5 eV that correspond to the 

σ* and Rydberg transitions of liquid water, respectively.
144,155

 The well-defined and 

separated Rydberg transitions observed in the gas phase (Figure 2.1a) are transformed to 

a broad band in liquid phase. It has been reported previously that the ionization potential 

of oxygen K-shell core electrons shifts to a lower energy region in the liquid state (from 

539.9 to 538 eV),
156

 consistent with our observations. 
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Figure 2.8(a) Normalized O K-edge NEXAFS spectra of a deliquesced individual particle 
of NaCl (80% RH), NaBr (50% RH), and NaI (50% RH). Spectra were pre-
edge subtracted and normalized to the same total O absorbance. Vertical lines 
indicate three main transitions at 532.6, 535.1, and 537.5 eV. (b) Plot of the 
absorbance of the peak at 532.6 eV for NaI particle as a function of RH during 
the hydration/dehydration cycle. Triangles are the measured absorbances, and 
the solid line is a linear fit. The positive correlation supports the assignment of 
this transition to the water-halide complex.  

In addition to the spectral features of the liquid water, we observe an additional 

peak at 532.6 eV for the NaBr and NaI droplets which, to the best of our knowledge, was 

not observed previously. The peak is not present for the sodium chloride, and the 

normalized intensity of this transition is increasing with an increase in the size of the 

halide anion. To verify that the observed transition is not due to a possible X-ray damage, 
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experiments were repeated under various extents of X-ray exposure and similar spectra 

were observed. Additionally, we examined how the absolute absorbance of the peak at 

532.6 eV for the NaI droplet changes as a function of RH during the 

hydration/dehydration cycle (Figure 2.8b). Clear linear correlation between the amount of 

water present and the peak intensity is observed. On the other hand, no correlation was 

observed between the intensity of this transition and the degree of X-ray exposure. These 

observations indicate that the observed peak at 532.6 eV does not originate from the X-

ray damage.  

According to the molecular dynamics calculations by Cappa et al,
154

 a halide-

water anionic complex can form in a highly concentrated aqueous halide solution 

producing a characteristic signature in the energy region similar to where transition at 

532.6 eV is observed. The transition was not observed experimentally, however. We, 

therefore, assign the transition at 532.6 eV to the halide-water anionic complex. We have 

several additional arguments that justify this assignment. First, we observed that the peak 

intensity correlates with the RH and, thus, the amount of water within the particle, 

consistent with the peak assignment. Second, a close inspection of the relative intensities 

of the 532.6 eV transition and two peaks at 535.1 and 537.5 eV that originate from the 

non-complexed (free) liquid water
154

 clearly show a concurrent decrease in the intensity 

of the non-complexed water peaks as the size of halide anion increases. This implies the 

relative concentration of non-complexed water molecules is decreasing between NaCl 

and NaI as more water molecules participate in the complex formation, thus justifying 

our assignment. An increase in the size of anion is expected to facilitate the complex 

formation,
157

 and this is exactly what we observe. The absence of the halide-water 
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complex for the NaCl is likely due to the smaller size of the chloride anion and its 

significantly lower concentration relative to other halides, since NaCl particles uptake 

significantly more water relative to the NaBr and NaI (see Figure 2.4). 

The finding of the water-halide complex formation within micrometer-sized NaBr 

and NaI particles under atmospherically relevant relative humidity is important as it can 

affect their optical properties. In particular, a relatively high concentration of the complex 

can lead to a significant red shift in the UV absorption spectrum of water as the water-

water hydrogen bond is weaker than in the water-halide complex. The effect is likely to 

be especially important at relative humidity slightly above efflorescence, where the 

lowest WSR (largest halide concentration) in deliquesced particles is expected. In 

addition, the complex formation can alter the reactivity between the dissolved halide ions 

and atmospheric ozone gas molecules, potentially leading to a decrease in the number of 

gas phase bromide and iodide molecules in the atmosphere.
158

 Thus, this decrease might 

affect the atmospheric halogen cycle.
159

 Finally, halogens are also used as tracers of 

igneous processes to monitor magmas from their point of origin through their 

differentiation and evolution in vapor and escape to the Earth’s atmosphere and 

hydrosphere.
160

 Therefore, the experimentally observed decrease in available atmospheric 

halogen might also influence the accuracy of the use of halogens as tracers of igneous 

processes. 

2.4 Conclusions 

We have presented a novel analytical method based on a combination of STXM 

and NEXAFS spectroscopy that allows quantitative analysis of the chemical and 

hygroscopic properties of individual submicrometer particles. The approach permits 
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quantification of water in an individual particle during hydration and dehydration cycles. 

Through the case studies using several atmospherically relevant particles, we have 

showed the STXM/NEXAFS approach could provide unique and quantitative 

information on the physical and chemical properties of environmental particles and how 

these change as a function of relative humidity. We anticipate the approach will be 

especially useful for quantitative studies of the spatially resolved hygroscopic properties 

of multicomponent aerosols with complex mixing states. 
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CHAPTER 3 

EFFECT OF ORGANIC ACIDS IN THE HYGROSCOPIC 

PROPERTIES OF NACL PARTICLES USING CCSEM AND MICRO-

FTIR SPECTROSCOPY 

3.1 Introduction 

3.1.1 Composition and physical properties of aerosols 

Environmental particles are typically a complex mixture of various compounds in 

a unique molecular ratio.
161,162

 Compositional differences in these particles can often 

create significant impact on Earth’s climate and the atmospheric environment.
163,164

 For 

example, absorption and scattering of solar radiation, formation of cloud condensation 

nuclei, heterogeneous reaction during their transport etc. are directly dependent on the 

composition of the particles in the atmosphere.
163-166

 Whereas mixture of organic 

substances is ubiquitous in the environment, a prime example being the humic substances 

and secondary organic aerosols (SOAs),
167,168

 complex aerosol particles with mixture of 

inorganic and organic compounds are also regularly detected in the atmosphere as well.
12

 

Inclusion of organic component in inorganic salt is particularly interesting as their 

physical properties tend to show a significant change in the mixture as compared to the 

pure component.
128

 Therefore, study of compositional dependence of physical properties 

of the atmospheric particles is important in this scenario. 
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3.1.2 Hygroscopic properties and its composition 

dependence 

One of the most important physical properties of atmospheric particles which 

directly influence the radiative and non-radiative effects is the hygroscopic properties as 

described in the previous chapter while discussing the hygroscopic properties of 

inorganic salts. The amount of water uptake at a particular atmospheric relative humidity 

(RH) largely depends on the functional group type (i.e. polar/nonpolar) and the overall 

chemical composition inside the particle. For example, water uptake of clay particles was 

observed to be influenced significantly by the presence of sodium chloride salt.
169

 Recent 

studies have shown noticeable changes in hygroscopic properties of ammonium sulphate 

on internally mixing it with organic acids.
128,170

 In addition, these changes cannot be 

justified in most cases by linear combination of hygroscopic response of the two 

chemical components present. Moreover, prediction of water uptake using different 

environmental models also observed to fail for these complex mixtures.
169

 Therefore, 

study of hygroscopic properties as a function of composition in a two component mixture 

would enable us to predict environmental effects of fine particles with varying 

composition. 

In this project we have focused on NaCl particles which show distinct water 

uptake with DRH and ERH being 75% and 48% respectively.
31

 On the other hand 

organic di-carboxylic acids such as malonic acid (MA) and glutaric acid (GA) show 

continuous water uptake as a function of RH. Internally mixing MA and GA with NaCl in 

various molar ratios resulted in drastic changes in water uptake properties, studied by 

micro-FTIR spectroscopy. Scanning electron microscopy (SEM) combined with Energy-
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dispersive X-ray spectroscopy has been used to observe changes in morphology and ratio 

of Na/Cl in the particles.  The result of CCSEM elemental analysis is finally used to 

predict the changes in hygroscopic properties of NaCl on inclusion of MA and GA in 

different molar ratio. Furthermore, mixture of NaCl with fulvic acid in different mass 

ratio has also been studied. 

3.2 Experimental details 

3.2.1 Materials and sample preparation 

All sample of sub-micrometer sized particles were generated using constant output 

atomizer (TSI, Inc., model 3076) from aqueous 0.2 M solution prepared from reagent-

plus-grade chemicals (99.99%+ purity, Aldrich).  The solution was prepared with 

deionized water (18 MΩ•cm).  Aerosol was dried down to ~30% RH in a diffusion dryer 

(TSI, Inc., model 3062) prior to sizing and substrate deposition using a micro-orifice 

uniform deposit impactor (MOUDI) (MSP, Inc., model 110).  Particles were deposited on 

Si3N4 windows (Silson Ltd., England) mounted on the impaction plate of the seventh 

stage of the MOUDI.  The aerodynamic cutoff size of the seventh stage is 0.32 µm.  All 

samples were prepared at room temperature and used within a couple of days after the 

preparation. 

3.2.2 micro-FTIR spectroscopy 

Detailed description of the micro-FTIR experimental setup and its application for 

studies of particle hygroscopic phase transitions and growth has been reported 

elsewhere,
125,171

 and thus will be described only briefly here.  The apparatus comprised a 

Bruker A590 IR optical microscope interfaced with a Bruker IFS 66/S FTIR spectrometer 
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equipped with a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector.  

Turning mirrors were used to switch between pathways for visible (optical mode for 

sample location) and IR irradiation of the sample (acquisition of FTIR spectra).  

Cassegrainian optics was used to focus the IR beam on the sample and to collect the 

transmitted IR light after its interaction with the sample.  The Si3N4 window substrate 

with deposited particles was placed in a sample holder inside a sealed environmental 

stage (model THMS 600, Linkam, Inc.).  An aperture placed in the optical path defined 

the sample area over which the FTIR spectrum was acquired. RH inside the 

environmental stage was controlled by a continuous flow of mixed dry and humidified 

nitrogen with a total flow rate of 1.0 slpm.  An inline sensor (Honeywell, inc., model 

HIH4000) was used to monitor RH with an accuracy of 3%.  Experiments were 

performed at room temperature (24 °C). 

The micro-FTIR was first set at the optical mode, which allows selection of the 

specific area of the sample defined by the aperture to be irradiated by the IR beam.  After 

switching the microscope to the IR transmission mode, FTIR absorbance spectra were 

acquired by co-adding 512 scans at a resolution of 4 cm
-1

.  After changing RH to a new 

setting, a typical delay of 5 min was required before equilibrium between particles and 

water had been reached.  The same ensemble of approximately 100 particles was 

monitored in the experiments.  Condensed-phase water in the particles was quantified 

from the integrated absorbance of the OH stretching band.
125

 

3.2.3 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) has been used to obtain height images of MA 

and GA particles. AFM imaging was conducted using a molecular force probe 3D AFM 
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(Asylum Research, Santa Barbara, CA). Height images were collected at room 

temperature using silicon probes (MikroMasch, San Jose, CA,CSC37) with a nominal 

spring constant of 0.35 Nm
-1

 and a typical tip radius of curvature of 10 nm. 

3.2.4 Scanning Electron Microscopy (SEM) and Energy-

dispersive X-ray spectroscopy (EDX) 

An FEG XL30 scanning electron microscope (FEI, Inc.) was used in this work. 

The microscope is equipped with an X-ray spectrometer (EDAX, Inc) with a Si(Li) 

detector of an active area of 30 mm
2
 and an ATW2 window. The instrument can also 

operate in computer-controlled (CCSEM/EDX) mode for analysis of individual particles. 

Details of this instrument and its applications for the analysis of substrate-deposited 

particles can be found in a recent review article and references therein.
172

 

3.3 Results and discussion 

This work is presented in following manner. First, we will present morphology 

and hygroscopic properties pure component such as NaCl, MA and GA. Second, SEM 

images and FTIR spectra of mixture samples of malonic and glutaric acid with NaCl will 

be shown to characterize their morphology and chemical composition respectively. Then, 

elemental composition analysis will be correlated with the changes in hygroscopic 

properties. In the final part, hygroscopic properties of fulvic acid (FA) and NaCl mixtures 

will be presented. 
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3.3.1 Morphology and hygroscopic properties of pure NaCl 

particles 

Figure 3.1a shows the SEM images of sodium chloride crystals before exposure to 

water vapor. The rectangular shape of the particles indicates highly crystalline behavior. 

This type of morphology of NaCl sub-micrometer particles are consistent with the 

literature.
125

 Figure 3.1b shows the FTIR spectra acquired for an ensemble of NaCl 

particles over the unmasked sample area at increasing values of RH. Initially, no distinct 

signature in the FTIR spectra was observed due to absence of any vibrational mode in 

NaCl. The integrated peak area of the OH stretching band in the region from 3660 to 

2750 cm
-1

 is used to quantify the hygroscopic properties as the peak area is directly 

proportional to the amount of water in particles.
125,173
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Figure 3.1(a) SEM images of NaCl particles showing consistent square shape of the 
crystals. (b) FTIR spectra of NaCl crystals with increasing RH showing 
appearance of broad –OH stretching band centered at ~3400 cm

-1
. (c) 

Hydration and dehydration of NaCl particle quantified by plotting the peak 
area of the –OH stretching band as a function of RH. 
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As the RH is incrementally raised, absorption spectra were continuously recorded 

(only selected spectra are shown here). Condensed phase water remains undetectable 

until RH around 70% at which point the infrared feature of the water band begins to 

appear in the spectrum. As RH further increases, a considerable amount of water is taken 

up. It is seen that NaCl particles deliquesce at around 75% RH, resulting in an abrupt 

increase in the absorbance in the peak centered at 3400 and 1640 cm
-1

. The swift change 

indicates that solid NaCl particles deliquesce nearly spontaneously to form saturated 

solution droplets. Then, the NaCl deliquesced droplets continue to grow with further 

increases in RH as indicated by-OH band growth and expansion. Infrared spectra of the 

NaCl droplets recorded in the dehydration cycle (not shown here) are similar to those in 

Figure 3.1b. Their variations are merely in the reversed order (not shown here). Upon 

decrease of RH and evaporation, the NaCl droplets gradually lose their water content and 

water bands in the FT-IR spectra diminish accordingly with an abrupt shrinkage in the 

absorbance during the efflorescence. 

The change in water content in the particle throughout the complete 

hydration/dehydration cycle is shown in Figure 3.1c. The particle water content is 

expressed by plotting the integrated peak area (described above) as a function of RH. As 

RH increases and reaches around 75% during the hydration, a rapid water uptake 

spontaneously takes place to transform the NaCl particles into deliquesced droplets. With 

further increase in the RH, particle water content increases accordingly. In the 

dehydration path, water peak continuously decreases till 48% ERH is reached, when an 

abrupt release of water causes phase transition back to solid NaCl particles. The 

hygroscopic properties observed here are consistent with the literature.
125,174,175
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3.3.2 Hygroscopic properties of MA and GA 

Water uptake of the pure malonic acid (MA) and glutaric acid (GA) particles were 

studied next. High resolution AFM images were acquired initially to characterize the 

morphology of the sample. Figure 3.2 shows AFM height image of dry MA and GA 

particles. Particle size has been measured to be 0.2-1.2 m for both the samples. The 

particle morphology is consistent with reported work on MA and GA particles in the 

literature.
173,176

  

 

Figure 3.2 AFM height images of (a) glutaric and (b) malonic acid showing consistently 
spherical shaped particles of size ranging from 0.2-1.2 m.  

In the next step, MA and GA particles were subjected to micro-FTIR 

spectroscopy. FTIR spectra of these two dicarboxylic acids are shown in Figure 3.3. 

Initially, typical signatures due to the organic acids were observed in the beginning of the 

experiment at 2% RH, with nearly undetectable amount of water. All relevant transition 

due to MA and GA are verified with literature and reported in Table 3.1.
176-179

 The 

transition centered at ~3000 cm
-1

 could interfere with the water peak at ~3400 cm
-1

. 

Therefore, all the IR spectra have been subtracted from the initial (~2% RH) to remove 
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spectral intensity contribution from organic acids towards particle water content 

measurements.  

 

Figure 3.3 Changes in FTIR spectra of (a) malonic and (b) glutaric acid particles as a 
function of RH, showing gradual increase in -OH stretch in the spectral region 
of 2750-3660 cm

-1
 due to water uptake. (c) Hygroscopic properties of malonic 

and glutaric acid particles showing slow and continuous water uptake as a 
function of RH (Although a small deliquescence phase transition has been 
present for glutaric acid at ~80% RH).  

Table 3.1 FTIR peak assignment of MA and GA 

*Bands are as shown in Figure 3.3a, b. ν, stretching; ω, bending; γ, rocking. 

Compound Absorption maxima, cm
-1

 Assignment 

 

 

Malonic acid
177-179

 

1174 γ(CH2), ω(CH2) 

1223 γ(C-C) 

1323 γ(C-O) 

1431 υ(O-H), δ(CH2) 

1722 υ(C=O) 

 

 

Glutaric acid
176

 

1200 γ(CH2) 

1238 ω(CH2),  γ(C-C) 

1294 υ(C-O) 

1414 υ(O-H), δ(CH2) 

1697 υ(C=O) 



52 

  

With gradual increase in RH, particle water content increases and characteristic –

OH stretch peak was observed centered at ~3400 cm
-1

. The hygroscopic properties plot 

shown in Figure 3.3c has been generated in a similar manner as described above for NaCl 

particles. Unlike the NaCl particles, MA and GA don’t show any sharp deliquescence or 

efflorescence phase transition, however. While MA particles showed continuous water 

uptake, GA particles had a relatively weak deliquescence transition at ~80% RH. 

Moreover, no significant hysteresis was observed either for both the samples. Finally, 

shape of the hygroscopic properties curve and absence of any sharp phase transition for 

dicarboxylic acid components was consistent with the literature. 
127,131,173

 

3.3.3 Morphology of internally mixed MA/NaCl and 

GA/NaCl particles 

Internally mixed 3:1, 1:1 and 1:3 molar ratios of MA/NaCl and GA/NaCl samples 

were prepared from solution mixtures. The collected particles in MOUDI (Stage 7) were 

then subjected to computer controlled Scanning Electron Microscopy (CCSEM) to 

observe changes in morphology along with elemental analysis. In this section, we report 

changes in morphology of NaCl particles on internally mixing with organic dicarboxylic 

acids in various molar ratios prior to any water vapor exposure (Figure 3.4). For all the 

samples in this section the shape of the particles is significantly different compared to the 

NaCl particles reported in Figure 3.1a; whereas NaCl particles are rectangular in shape, 

the particles in the mixture samples generally tend to be more rounded. Moreover, a 

shuttle difference has been observed in morphology of MA/NaCl and GA/NaCl samples. 

Comparing Figure 3.4a and 3.4d, the morphology of the 1:3 molar ratio mixtures looks 

more rectangular shaped for GA/NaCl as compared to MA/NaCl; similar shape effects 
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are observed for both 1:1 mixtures. Interesting inhomogeneous mixing states were 

observed for most of the samples, such as organic inclusion (both the 1:3 samples, Fig. 

3.4a, d), core-shell structure (1:1 MA/NaCl, Fig. 3.4b), and inclusion of small sodium 

chloride crystals (3:1 GA/NaCl, Fig. 3.4f). Interestingly, 3:1 MA/NaCl (Fig 3.4c) sample 

was a homogeneous mixture, whereas the 1:1 GA/NaCl (Fig. 3.4e) had observable 

inhomogeneity in mixing for larger particles. Overall, MA affected the pure NaCl 

crystalline morphology to a greater extent compared to GA. 

 

Figure 3.4 SEM micrograph showing morphology of MA/NaCl (a, b, c) and GA/NaCl (d, 
e, f) particles prepared from various solution molar ratios. The arrow in figure 
(a) and (d) shows example of organic inclusion in some particles.  
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3.3.4 Compositional analysis of MA/NaCl and GA/NaCl 

particles 

Internally mixed MA/NaCl and GA/NaCl mixtures were prepared from the 

aqueous solution in respective molar fractions as described in the experimental section. 

Depending on the pKa of –COOH functional groups in MA and GA, we anticipated a 

possibility of formation of Na-malonate and Na-glutarate in the particles. Hence, all the 

samples were subjected to CCSEM elemental analysis, expecting a deviation from Cl/Na 

= 1, generating from potential evaporation of HCl. In addition, effect of size of the 

particle has also been observed as we have analyzed at least 1500 particles for each 

sample. Plot of Cl/Na ratio as a function of particle size is shown in Figure 3.5. Cl/Na 

ratio was ~10% lower than expected for particle size below 500 nm, which is likely a 

result of beam damage. Next series of samples analyzed were GA/NaCl mixtures. In this 

case, 1:3 and 1:1 molar ratio of GA/NaCl showed nearly similar ratio as NaCl, although 

careful observation reveals a slight decrease in Cl/Na ratio for 1:1 mixture. To the 

contrary, 3:1 GA/NaCl mixture had 20-25% Cl depletion. For the MA/NaCl series of 

mixtures, depletion of Cl was 5-10, 30-35 and 100% for 1:3, 1:1 and 3:1 mixtures 

respectively. Hence, Cl depletion confirms evaporation of HCl from the sample with the 

formation of Na-glutarate and Na-malonate. In the next step we will observe the effect of 

Cl depletion on the hygroscopic properties. 
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Figure 3.5 Cl/Na ratio is plotted as a function of particle size for NaCl, GA/NaCl and 
MA/NaCl particles in different molar ratios. Depletion of Cl has been 
observed with increasing organic acid fraction.  

3.3.5 Effect of Cl depletion on hygroscopic properties 

Na-malonate and Na-glutarate are expected show a distinctly different 

hygroscopic response as it has been previously reported for the similar salts of sulphonic 

acids by Liu et al.
171

 Therefore, we expected hygroscopic properties of different samples 

in GA/NaCl and MA/NaCl to be significantly different from the NaCl particles. Figure 

3.6 shows hygroscopic properties of all the internally mixed samples. In contrast to the 

hygroscopic properties of NaCl particles, the sharp deliquescence is completely missing 

for all the internally mixed samples (Figure 3.6a). Even with 25% MA inclusion (1:3 

MA/NaCl), the deliquescence was weak and the hysteresis in the water uptake curve has 

been majorly affected. The chloride depletion for this sample was only 5-10%. Hence, 

formation of a small amount of Na-malonate resulted in significant effect on hygroscopic 

properties. With increasing amount of MA (1:1 and 3:1 MA/NaCl mixture), the water 

uptake curves merge with that of 100% malonic acid, showing continuous water uptake 

starting from ~50% RH. Similar effect has been observed for GA/NaCl internally mixed 

samples as well (Figure 3.6b). In this series of samples, 25% GA inclusion caused a 
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diminished deliquescence along with absolutely no hysteresis in the water uptake curve. 

50% and 75% of GA inclusion enhanced the effected and water uptake was continuous as 

a function of RH.  

Comparing the changes in hygroscopic properties of the two series of mixtures 

(MA/NaCl and GA/NaCl), we observed that MA has affected the hygroscopic properties 

of NaCl more than GA. For example, hygroscopic properties plot looks slightly different 

for all the GA/NaCl fractions, but the water uptake curve merged with that of MA for 1:1 

and 3:1 MA/NaCl mixture. This observation is consistent with the extent of Na salt 

formation observed in the previous section of CCSEM elemental analysis. Furthermore, 

greater extent of Na-malonate formation compared to Na-glutarate can be justified by the 

lower pKa (1) of MA, suggesting comparatively easier dissociation in solution.
180,181

 To 

summarize, internally mixed organic acid and inorganic salt (NaCl) particle displayed 

completely different hygroscopic response as compared to inorganic counterpart. 
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Figure 3.6 Hygroscopic properties of internally mixed (a) MA/NaCl and (b) GA/NaCl 
particles in different molar ratios, showing the effect of Cl depletion on water 
uptake.  

3.4 Conclusions 

Internal mixing of dicarboxylic acids with NaCl showed significant effect on the 

hygroscopic properties of NaCl. Sharp deliquescence and efflorescence phase transition 

of NaCl were absent in all the two components mixtures in different molar ratios, instead 

showing a slow and continuous water uptake as a function of RH. Similar effects on 

hygroscopic properties were observed with other internally mixed inorganic and organic 
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compounds reported in the literature.
111,182

 CCSEM elemental analysis showed Na-

malonate and Na-glutarate formation, suggesting its implication to study effects of 

atmospheric particles, composed of inorganic salts and organic acids. The effect on 

hygroscopic properties will significantly influence the formation of cloud condensation 

nuclei (CCN) by the atmospheric particles with similar chemical components. Moreover, 

physical, optical and chemical properties can also be significantly different. For example, 

scattering and absorption of solar radiation, atmospheric transport etc. could be a result of 

observed salt formation. Hence, this study could be utilized to improve environmental 

models to characterize overall aerosol effects on earth climate. 
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CHAPTER 4 

DIRECT QUANTIFICATION OF DENSITY AND ELEMENTAL 

COMPOSITION OF SUB-MICROMETER PARTICLES 

4.1 Introduction 

Precise knowledge of density and elemental composition of environmentally 

relevant submicron particles is necessary to predict their relevant environmental 

effects.
48,49,58,183-187

 It has been observed that the density and chemical composition of 

materials have significant effects on physical properties of aerosols such as, light 

scattering efficiencies, hygroscopicity and CCN activity.
108,183,184,186

 For example, a 

chemical closure study has been performed on the hygroscopicity of organic/inorganic 

mixed particles nebulized from water extracts of ambient aerosols collected in Sapporo, 

Japan and differences in hygroscopic properties has been found with various different 

chemical composition.
108

 On the other hand, research on visibility due to scattering 

efficiency of solar radiation has been examined as a function of aerosol constituents.
185

 

Kinetics of various environmental oxidation and reduction processes was observed to be 

controlled by density and composition of aerosol.
49

 Another study on the formation of 

secondary organic aerosol (SOA)  showed that the solubility of organic compounds in 

aerosols depend largely on the amount of oxygen containing organic functional groups in 

the sample under examination.
48

 All these different studies on both laboratory generated 

and field samples indicate that the density and chemical composition of airborne particles 

control most of their physical properties; hence direct quantification of density and 

elemental composition is necessary in order to examine various physicochemical 

properties of aerosols. 
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 Particle density and elemental composition has been observed to control 

several properties of nanomaterials and hence prior knowledge of these parameters is 

required in various studies in nanotechnology.
188-190

 For example, the frequency of 

Localized surface plasmon resonances (LSPRs), resulting from the interaction of light 

with metal nanoparticles depends exclusively on the particle size and composition.
190

 

Moreover, dependence of magnetic properties of metal nanoparticles on the composition 

has also been examined in recent years.
189

 Therefore, it is evident that quantifying density 

and elemental composition of submicron and nanoparticles is essential in the context of 

not only environmental chemistry but also nanotechnology. 

Density measurements of submicron particles have been performed before using 

combination of various different techniques. The first density quantification was 

performed to quantify the mean bulk density of dry atmospheric aerosol particles; 

however the procedure of measurement was slow and less accurate.
191

 Later on, 

Differential Mobility Analyzer (DMA) was used to determine aerosol particle densities 

with specific assumptions about the shape of the particle.
192

 On the other hand, 

relationship between electrical mobility and mass has been used to quantify ‘effective 

density’ of the aerosol particles.
193,194

 Moreover, Aerosol Particle Mass Analyzer 

(APM)/Scanning Mobility Particle Spectrometer (SMPS) setup was used to examine the 

density evolution of SOA.
195

 But, careful observation shows that most of these techniques 

make different assumption to determine either the mass or the diameter of the particles. 

In addition, it is well known that the physicochemical properties of fine particles can be 

different compared to the bulk and particle to particle variation may also occur as well. 
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Therefore, direct determination of density of submicron particles on a single particle 

basis is necessary in this scenario.   

A handful of techniques has been reported in literature to quanitfy elemental 

composition of submicron particles. The composition of SOA was characterized by a 

high-resolution time-of-flight aerosol mass spectrometer in a continuous flow chamber.
196

 

Other methods such as Mass spectroscopy (MS) and combination of Scanning Electron 

Microscopy (SEM) and Energy Dispersive Spectrometry (EDS) has also been used for 

the same purpose for different environmental sample.
197,198

 Hence, it is worthwhile to 

realize that determination of both density and elemental composition by directly 

quantifying the mass and the diameter of submicron particles using a single experiment 

will be an important milestone. Moreover, exploring particle to particle variation in 

density and elemental composition using the same method will also be an importance 

property to observe. 

In this work, we report a new technique utilizing an unique combination of 

Scanning Transmission X-ray Microscopy (STXM)/Near Edge X-ray Absorption Fine 

Structure Spectroscopy (NEXAFS) and Atomic Force Microscopy (AFM) to directly 

quantify the density and elemental composition of sub-micrometer particles. Contribution 

of atomic densities towards overall particle density has been calculated directly from the 

experimental data.  In this work, we report four different samples of submicron particles 

under investigation, namely, sodium nitrate (NaNO3), mixture of malonic acid (C3H4O4) 

and NaNO3, fulvic acid, and a mixture of fulvic acid and NaNO3. With the first two 

samples, the accuracy of our method has been verified and afterwards we report 
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application of this method for more atmospherically relevant samples with unknown 

composition. 

4.2 Experimental details 

4.2.1 Materials and sample preparation 

  Particles of NaNO3, mixture of malonic acid and NaNO3, Fulvic acid, and Fulvic 

acid and NaNO3 were generated using constant output atomizer (TSI, Inc., model 3076) 

from aqueous solutions prepared from reagent-plus-grade chemicals (99.99%+ purity, 

Aldrich). All solutions were prepared with deionized water (18 MΩ•cm). The solution 

concentration for the first two samples was 0.1 M. For the last two samples specific mass 

ratio has been used as fulvic acid has variable composition and the molecular formula in 

apparently unknown. The pure fulvic acid particles were generated from 250 mg/liter 

solution; whereas a mass ratio of fulvic acid : NaNO3 = 5 : 1 was used for the 

corresponding mixture sample. The generated particles were dried down to ~30% RH in a 

diffusion dryer (TSI, Inc., model 3062) prior to sizing and substrate deposition using a 

micro-orifice uniform deposit impactor (MOUDI) (MSP, Inc., model 110). Particles were 

deposited on Si3N4 windows (Silson Ltd., England) mounted on the impaction plate of 

the seventh stage. The aerodynamic cutoff size of the seventh stage is 0.32 µm. All 

samples were prepared at room temperature and used within a couple of days after the 

preparation. 

4.2.2 Scanning Transmission X-ray Microscopy (STXM) 

Single energy images and oxygen Near Edge X-ray Absorption Fine Structure 

(NEXAFS) spectra were acquired using STXM instrument on beamline 5.3.2 of the 
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Advanced Light Source at Lawrence Berkeley National Laboratory (Berkeley, CA). For 

STXM measurements, the X-ray beam is focused with a custom made Fresnel zone plate 

onto the sample, and the transmitted light intensity is detected. The diffraction limited 

spot size at the sample was ~25 nm for these experiments. Images at a single energy are 

obtained by raster-scanning the sample at the focal plane of X-rays and collecting 

transmitted monochromatic light as a function of sample position. Spectra at each image 

pixel or a particular sample region are extracted from a collection of images recorded at 

multiple photon energies across the absorption edge. Dwell times used to acquire an 

image at single photon energy were typically 0.5 ms per pixel. To quantify the 

absorbance signal, the measured transmitted intensity (I) is converted to optical density 

(OD) using the Beer-Lambert’s law described in previous chapter. Incident beam 

intensity is measured through the area of substrate free of particles.  Particle spectrum is 

obtained by averaging the absorbance signal over the particle projection area on the 

substrate. 

NEXAFS spectral features arise from electronic resonance transitions of core 

electrons specific to different bonding of elements (e.g. different functional groups) and 

involve both 1s→
*
 and/or 1s→σ

*
 transitions. Peaks arising due to σ

*
 transitions are 

usually broader than for 
*
 transitions and superimposed on the photo-ionization 

continuum. Spectra from 1s electrons for C atoms are in the energy region of 280-320 

eV; whereas the spectra from N and O atoms 1s electrons are in the energy region of 395-

420 eV and 525-550 eV respectively. The pre-edge background arises from the combined 

absorption of other elements at that energy. The post-edge absorbance depends on the 

number of respective atoms. The total atomic absorbance is defined as the difference 
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between the post-edge and pre-edge absorbance at 525 eV. The total atomic absorbance is 

directly proportional to the number of corresponding atoms inside a particle and can be 

used as a direct measure of concentration of the corresponding atom.
58

 In the present 

study, the total atomic absorbance is used to quantify the density of C, N, and O atoms 

present in the particle. 

4.2.3 Atomic force microscopy (AFM) 

All AFM topographic height images were performed in AC mode (intermittent 

contact mode) using a commercial atomic force microscope (MFP3D, Asylum Research, 

Santa Barbara, CA). A single crystal silicon AFM probe (Mikromasch, San Jose, CA) 

with a typical tip radius of curvature of ∼10 nm and a nominal spring constant of 0.40 

N/m was used for all experiments. All experiments were performed in air and at room 

temperature. 

4.3 Result and discussion 

4.3.1 Density and elemental composition using a 

combination of AFM and STXM 

The substrate deposited particles exhibited approximately elliptical morphologies. 

With the knowledge about the morphology, we designed a method to quantify the density 

and elemental composition of the sub-micron sized particles using a combination of 

synchrotron-based STXM and AFM.
58

 STXM provides spatially-resolved (~ 25 nm 

resolution) total atomic absorbances (OD) that can quantified using the Beer-Lambert's 

law:
58

 

                                ………………………………….(1) 
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where i is the atom type (i.e. C, N or O), ODi is the total atomic absorbance in 

units of optical density (OD) in corresponding absorption edges, µi is the mass absorption 

coefficient for the corresponding atom, ρi is the atomic density of the particle, and h is the 

particle thickness. Since STXM essentially measures a product of density and thickness, a 

density determination required knowledge of thickness of the particles, which we 

obtained from the AFM height images. Moreover, by combining the AFM and STXM 

data, we can quantify atomic ratios on a single particle basis as well.  The combination of 

the methods could also, in principle, be extended to other submicron particles of 

nanomaterials with known shape (e.g. biological samples).  The similar approach has 

been adopted in our previous work to quantify the density of thixotropic hydrogel 

sample.
199

 Herein, we show the extensive application of this approach in more 

quantitative manner for submicron particles of different compositions. 

4.3.2 Density and elemental composition of NaNO3 

particles 

To begin with, we have examined substrate deposited particles of pure sodium 

nitrate (NaNO3).  As described in the experimental section the particles are substrate 

deposited on Si3N4 membrane.  Atomic Force Microscopy (AFM) images were acquired 

to determine the shape of the particles and subsequently quantify the thickness of the 

particle (Figure 4.1a).  As expected, the particles had a half ellipsoid shape.  The size of 

the particles varied from 0.3 to 1.2 m.  Afterwards, the same sample is used to obtain 

total atomic absorbance maps in N (420 eV- 395 eV) and O (550 eV – 525 eV) 

absorption edges in STXM.  The total nitrogen and oxygen atomic absorbance maps are 
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shown in Figure 4.1b and 4.1c respectively. The range of particle size was similar in 

STXM compared to what was measured by AFM. 

 

Figure 4.1 Morphology of NaNO3 particles, showing (a) AFM height image (b) STXM 
nitrogen atomic absorbance map and (c) STXM oxygen atomic absorbance 
map.  

After characterizing the particle size and morphology, the single particle 

NEXAFS spectra in both nitrogen and oxygen edge was used to chemically characterize 

the NaNO3 sub-micron particles.  The NEXAFS spectrum in N-edge is shown in Figure 

4.2a showing two distinct transitions at 401.6 eV and 405.3 eV.  The transition at 401.6 

eV corresponds to π resonance of NO2¯ species resulting from slight decomposition of 

sodium nitrate.
200,201

 The strong band at 405.3 eV corresponds to the σ* resonance of 

NO3
¯
.
200,201

 Moreover, the oxygen NEXAFS spectrum (Figure 4.2b) shows one sharp π 

resonance (1s→2a2″) at 531.8 eV below the ionization threshold and two broader σ* 

transitions above it with maxima occurring at 538.1 eV and 543.1 eV, corresponding to 

1s→3a'1 and 1s→4e' resonances.
200
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Figure 4.2 Density and elemental composition quantification of NaNO3 particles, 
showing (a) N-edge and (b) O-edge NEXAFS spectra of NaNO3 particles, (c) 
Correlation of particle thickness as a function of diameter calculated the AFM 
height image and (d) plot of atomic absorbance at different absorption edges 
(N, O) as a function of particle thickness to quantify the density and elemental 
composition of NaNO3 particles.  

In this section, the analysis to quantify atomic density and elemental composition 

will be described in detail.  As discussed before, the basic approach is to use Lambert-

Beer’s law (eq. 1) and calculate the density directly when all the other parameters are 

known.  Again, it is not possible to calculate the thickness of individual particles from 

STXM.  Herein, we have two options to obtain the thickness.  First, we can measure 

thickness of the particle using AFM height image and consequently obtain the STXM 

total atomic absorbance map to quantify optical density (OD) of the same particle.  

Optionally, we can analyze significant number of particles in AFM height image to 

obtain a correlation between the thickness and diameter of the particles, subsequently 

measuring the thickness of the particles in STXM total atomic absorbance map from the 

thickness vs. diameter correlation obtained from AFM height image.  The latter is better 

than the former as it is difficult to locate the exactly same particle in both AFM and 
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STXM.  Therefore, the first step was to calculate a correlation of thickness vs. diameter 

from the AFM height image (Figure 4.2c).  A minimum of 100 particles have been 

analyzed to calculate thickness vs. diameter correlation for all the different samples 

reported in this work with very high R
2
 value (≥0.98).  Each of ~100 particles was 

analyzed individually in two arbitrary coordinates in order to obtain diameter and 

thickness in two different directions.  Then, the geometric mean of measurements was 

used to graph thickness as a function of diameter. The slope of the linear fit with zero 

intercept (0.29 for NaNO3 particles) was used in the next step of the calculation.   

STXM atomic absorbance maps were then analyzed to obtain the cross sectional 

profile in both N- and O-edge through horizontal and vertical linescans across the 

particle. The cross sectional profile was then used to determine the maximum atomic 

absorbance approximately at the center of the profile in the corresponding absorption 

edges. Thickness of these particles was determined from thickness vs. diameter 

correlation discussed in the previous section. The details of these measurements can be 

found in one of our previous work.
31

 Finally, the atomic absorbance was plotted as a 

function of thickness (Figure 4.2d).  Individual atomic densities of N and O atoms were 

obtained by dividing the slope of atomic absorbance vs. thickness plot by mass 

absorption coefficients in corresponding absorption edges, calculated from the atomic 

scattering factors and determined to be 3.84 x 10
4
 cm

2
/g and 2.80 x 10

4
 cm

2
/g for N and 

O, respectively. Using this approach, the atomic densities of nitrogen and oxygen was 

calculated to be 0.34 ± 0.02 g/cc and 1.13 ± 0.03 g/cc for NaNO3 particles.  By scaling 

the N:O atomic density ratio with the atomic N and O weights, the atomic ratio of N and 

O atoms (N:O) was quantified to be 0.34:1, which is in excellent agreement with the 
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molecular formula of NaNO3.  Assuming one sodium per nitrate ion in the sample, the 

total density of NaNO3 in the particle has been calculated to be 2.02 ± 0.05 g/cc which is 

comparable with the bulk density of sodium nitrate (2.17 g/cc) (Sigma Aldrich). Hence, 

we have established a method to quantify density and elemental composition of sub-

micrometer particles, consisting of one chemical component. 

4.3.3 Studies on sub-micrometer particles of 1:1 molar 

mixture of Malonic acid and NaNO3 

In this section, we will discuss about the application of this method for 

homogeneously mixed sub-micrometer particles will two different chemical components. 

Herein, it is worthwhile to mention that quantification of total density and atomic ratio in 

the mixture may still need prior knowledge of the molecular formula. According to the 

environmental relevance of the mixture of organic and inorganic compounds in fine 

particles, we studied a homogeneous mixture of malonic acid (C3H4O4) and NaNO3.  

Herein, the sample has been prepared from a mixture of malonic acid and sodium nitrate 

from the bulk solution prepared in 1:1 molar ratio, although the molar ratio in the 

substrate deposited particles may be different than the bulk. 
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Figure 4.3 Morphology of mixture of malonic acid and NaNO3 particles, showing (a) 
AFM height image, (b) STXM carbon atomic absorbance map, (c) STXM 
nitrogen atomic absorbance map, and (d) STXM oxygen atomic absorbance 
map.  

As expected the particles are similar in shape as compared to the pure sodium 

nitrate particles.  The AFM height image in Figure 4.3a shows a half ellipsoidal shape; 

whereas total C, N, and O atomic absorbance maps (Figure 4.3b-d) show the similar 

shape and the size of the particles again are comparable to the AFM height image.  In this 

case, total absorbance map has been collected in all three different absorption edges (C, 

N, and O edge).  Existence of both malonic acid and NaNO3 in the sample has been 

confirmed from the total absorbance maps in all three absorption edges. Furthermore, 

homogeneous distribution of malonic acid and sodium nitrate in the sample has been 

observed in total atomic absorbance maps at all the three absorption edges. 

The particle of malonic acid and sodium nitrate mixture has been characterized 

chemically using the NEXAFS spectra in all the three different absorption edges, namely, 

C, N, and O.  Figure 4.4a-c shows the NEXAFS spectra in C, N, and O edges 

respectively.  In C-edge NEXAFS spectrum, two sharp bands has been observed at 288.6 
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eV and 290.5 eV, corresponding to COOH π* and CH2 4p resonances that proves the 

existence of malonic acid in the sample.
202,203

 On the other hand characteristic sodium 

nitrate transitions has been observed in the N-edge spectrum at 401.5 eV and 405.2 eV 

corresponding to NO2¯ π* and NO3¯ σ* resonances.
200,201

 Moreover, O-edge spectrum 

also showed all the expected transitions for sodium nitrate as described in the previous 

section. Along with that one extra transition was observed at 535.1 eV, corresponding to 

–OH σ* transition proves the existence of malonic acid.
204

 The –COOH resonance in O-

edge, which usually occurs at ~532.4 eV, was not resolved clearly in our case due to the 

presence of sodium nitrate in the sample, giving rise to a resonance at 531.8 eV, 

ultimately resulting in one cumulative transition with absorption maxima at 531.9 

eV.
200,202

 Furthermore, the σ* features at higher energy of sodium nitrate was not clearly 

visible due to presence of malonic acid in the sample. Therefore, all the observation with 

C, N and O edge NEXAFS spectra confirmed the existence of both malonic acid and 

sodium nitrate in the particles. 
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Figure 4.4 Density and elemental composition quantification of mixture of malonic acid 
and NaNO3 particles, showing (a) C-edge, (b) N-edge, and (b) O-edge 
NEXAFS spectra of malonic acid + NaNO3 particles and (d) plot of atomic 
absorbance at different absorption edges (C, N, O) as a function of particle 
thickness to quantify the density and elemental composition of malonic acid 
and NaNO3 samples.  

The density of C, N, and O atoms for malonic acid and sodium nitrate mixture 

sample has been quantified by using exactly same procedure as the previous sample. The 

correlation of thickness vs. diameter (Plot not shown here) yielded a slope of 0.15 which 

is significantly lower compared to 0.29 for pure NaNO3 particles. This variation is 

understandable with the presence of less crystalline malonic acid with NaNO3. Similar to 

the pure NaNO3 particles, the atomic absorbance map measured in C, N, and O edges 

using STXM has been utilized to obtain the maximum atomic absorbance and the size of 

the particle. Afterwards, the slope of the AFM Thickness vs. Diameter was used to 

calculate the thickness of the particles analyzed using STXM. The final plot of atomic 

absorbance as a function of thickness is shown Figure 4.4d for quantification of atomic 

densities of C, N, and O. Dividing the slope of the linear fit by corresponding mass 

absorption co-efficient (μ) yielded the atomic densities, which are summarized in Table 
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4.1. Similar to pure sodium nitrate particles, the total density of the particle was found to 

be 1.45 ± 0.09 g/cc, considering one sodium per nitrate ion. It is worthwhile to mention 

here that the bulk density of pure malonic acid and sodium nitrate is 1.62 g/cc and 2.17 

g/cc respectively (Sigma Aldrich). Significantly lower density of the mixture compared to 

the bulk densities of the individual components indicates porosity of material within the 

particles under examination. Finally, the atomic ratio was calculated to be C : N : O = 

0.45 : 0.12 : 1 using exactly same method described for NaNO3 particles. Due to 

occurrence of C atoms only in malonic acid (C3H4O4) and N only in NaNO3, we can 

cleverly utilize the atomic ratio of C : N to calculate the molar ratio of the actual 

compounds, namely, malonic acid and sodium nitrate within the particles by simple 

scaling of the C : N atomic ratio by the number of C and N atoms present in each malonic 

acid and NaNO3 molecule respectively. Using this method, the molar ratio of malonic 

acid : NaNO3 was calculated to be 1.25 : 1 which was significantly different from 1 : 1 

solution molar ratio used during sample preparation. This information indicates that 

homogeneous mixing during the particle formation in the atomizer may occur in different 

molar ratio compared to the bulk molar ratio. To verify the accuracy of our method, we 

can calculate the expected amount of O atoms from the C:N molar ratio in the sample as 

we know the ratio of malonic acid and NaNO3. In this way, C : N : O ratio was calculated 

to be 0.47 : 0.13 : 1, which is consistent with the observed C : N : O (0.45 : 0.12 : 1) ratio 

calculated from the atomic densities. Hence, we note that this method can accurately 

quantify the density, elemental composition, molar ratio of chemical compounds in 

binary mixtures. 
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4.3.4 Density and elemental composition of HUMIC acids 

In the next step, we decided to observe more environmental aspect of this method 

by quantifying density of substrate deposited particles of unknown composition.  In this 

part, Suwannee River Fulvic Acid (SRFA) particles were used as an environmentally 

relevant organic material.
205,206

 Both SRFA
206

 and a mixture of SRFA and NaNO3 

samples will be discussed using the same approach of quantifying density and elemental 

composition. A typical C-edge NEXAFS spectrum of SRFA is shown in Figure 4.5. 

Three typical π* transitions were observed in the spectrum. The transitions at 285, 286.6, 

288.6 and 290.6 eV were assigned to be 1s to π* transitions due to the presence of 

unsaturated carbon (C=C), phenolic OH (Ph-OH), carboxylic acid (-COOH) and carbonyl 

(C=O) functional groups;
207

 whereas the O K-edge spectra (not shown here) showed only 

–COOH transition centered at 532.4 eV. Hence, chemical constituents of fulvic acid were 

assigned from the NEXAFS spectra although exact chemical structure was unknown.  

Figure 4.6a and 4.6c shows the C-edge total atomic absorbance map of pure 

SRFA and mixture of SRFA and NaNO3 samples respectively. For both these samples, 

irregularity in particle shape was observed compared to the previous two samples 

consisting of malonic acid and NaNO3. Therefore, special care has been taken while 

measuring particle diameter. Measurements were performed along the longest and 

shortest axis of every particle and then the geometric mean has been used in density and 

elemental composition calculation. 
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Figure 4.5 Fulvic acid C K-edge NEXAFS spectra 

 

Figure 4.6 (a) STXM carbon atomic absorbance map of pure fulvic acid particles. (b) Plot 
of atomic absorbance at different absorption edges (C, N, O) as a function of 
particle thickness to quantify the density for pure fulvic acid particles. (c) 
STXM carbon atomic absorbance map of fulvic Acid and NaNO3 particles. (d) 
Atomic absorbance as a function of particle thickness to quantify the density 
of mixture of fulvic acid and NaNO3 particles.  

The thickness vs. diameter correlation (not shown here) for both these samples 

yielded a slope of 0.13 and 0.09 for pure SRFA and mixture of SRFA and NaNO3 

samples respectively. Using the slope of these correlations and following the same 
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approach as the previous two samples, atomic absorbance was plotted as a function of 

thickness to calculate the density and elemental composition (Figure 4.6b,d). Table 4.1 

summarizes the density and elemental composition obtained from these plots.  The 

atomic densities of C and O in SRFA were calculated to be 0.34 ± 0.04 and 0.41 ± 0.04 

respectively. 

The total density of fulvic acid in the sub-micrometer was calculated to be 0.75 ± 

0.08 g/cc, which is in reasonable agreement with the reported values in the literature for 

similar materials such as HULIS or biomass burn aerosols.
58,183,208,209

 Herein, it is 

worthwhile to mention that individual atomic densities of C, N, and O can be determined 

using this method. But, precise quantification of the density of a material needs some 

prior knowledge about the molecular formula. Moreover, the experimental atomic ratio in 

fulvic acid was observed to be C : O = 1.12 : 1 and it differed significantly compared to 

that predicted (C : O = 1.74 : 1) by the accepted molecular formula, C33H33O19,
210

  

provided by International Humic Substances Society (IHSS). It has been reported that the 

elemental composition of SRFA may change significantly during particle generation from 

solution.
183

 Moreover, it has also been reported that SRFA is considerably hygroscopic 

due to presence of very high number of –COOH and C=O group and hence, the particles 

may retain significant amount of water in the atmospheric relative humidity after sample 

preparation.
211

 Therefore, presence of extra oxygen can be interpreted either due to 

presence of extra water or due to changes in elemental composition itself during sample 

preparation from solution. 
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Table 4.1 Summary of density and elemental composition data for different samples 

Sample Density of 
C, g/cc 

Density of 
N, g/cc 

Density of 
O, g/cc 

Total 
density, g/cc 

Observed atomic 
ratio(C:N:O) 

[Expected atomic 
ratio(C:N:O)] 

NaNO3 N/A 0.34 ± 0.02 1.13 ± 0.03 2.02 ± 0.05 0 : 0.34 : 1 

[0 : 0.33 : 1] 

Malonic acid 
+ NaNO3 

0.30 ± 0.03 0.09 ± 0.01 0.88 ± 0.05 1.45 ± 0.09 0.45 : 0.12 : 1 

[0.47 : 0.13 : 1] 

Fulvic acid 0.34 ± 0.04 N/A 0.41 ± 0.04 0.79 ± 0.08 1.12 : 0 : 1 

[1.74 : 0 : 1] 

Fulvic acid + 
NaNO3 

0.40 ± 0.03 0.09 ± 0.01 0.63 ± 0.03 1.30 ± 0.07 0.84 : 0.16 : 1 

[0.88 : 0.17 : 1] 

 

On the other hand, mixture of SRFA and NaNO3 has been studied to extend the 

same concept further that we can successfully quantify the individual atomic density, 

total density and elemental composition in a two component mixture, involving an 

environmentally relevant organic acid of unknown molecular formula (SRFA) and an 

inorganic salt (NaNO3). According to the literature, the atmospheric organic acid 

substances are low density compounds.
58

 Therefore, studying this mixture will be 

interesting to observe the potential increase in the density due to addition of more 

crystalline inorganic material. STXM total atomic absorbance maps in all the three 

absorption edges (C, N and O) confirmed homogeneous mixing in the particles. Densities 

of C, N, and O obtained for this sample were 0.40 ± 0.03 g/cc, 0.09 ± 0.03 g/cc and 0.63 

± 0.03 g/cc respectively. Assuming the accepted molecular formula of fulvic acid and one 

sodium ion per nitrate ion, the total density observed for this sample was 1.30 ± 0.07 

g/cc. Moreover, the experimentally observed atomic ratio C : N : O = 0.84 : 0.16 : 1 has 

been highly consistent with the expected atomic ratio of C : N : O = 0.88 : 0.17 : 1 
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calculated from the C : N ratio in the exactly similar method described in the previous 

section. Therefore, we observed a basic difference in elemental composition between the 

fulvic acid and fulvic acid/NaNO3 mixture samples, indicating composition dependent 

changes in fulvic acid molecular formula.
210

 

In our experiment, we have used thickness vs. diameter correlation to avoid the 

difficulty to observe the same particle in both AFM and STXM. It can be stated at this 

point that single particle studies with this approach is also possible by looking at the same 

particle in AFM and STXM. In addition, particles of irregular shape can also be studied 

for density and elemental composition quantification using the same approach of 

studying the same particle in both AFM and STXM. The ability to determine the density 

and elemental composition with irregular shape indicates that this approach is not only 

confined to the atmospheric particles with definite shapes but also it can be utilized to 

observe any micron or submicron sized particles on a single particle basis. Moreover, 

elemental composition can be verified only with STXM total atomic absorbance maps 

without any prior knowledge of the molecular formula.  

4.4 Conclusion 

In this work, we have successfully quantified the density and elemental 

composition of laboratory generated submicrometer particles, consisting of one or two 

chemical components.  In the process, we have looked at pure inorganic salt particles and 

verified the method using the mixture of NaNO3 and malonic acid samples.  Moreover, 

the fact that this method enables us to determine the ratio of compounds in two 

component mixture, enables us to potential apply the same procedure to quantify 

chemical composition in environmental particles comprising of complex mixture of 
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organic and inorganic compounds.  Ability to determine elemental composition of 

samples of unknown molecular formula shows applicability in environmental chemistry 

to determine elemental composition of unknown samples.  Moreover, study of spatial 

distribution of density and elemental composition of chemical compounds in 

heterogeneously mixed submicrometer particles is another important area of application 

of this approach.  Therefore, we state that this fundamental method is important in both 

chemistry and environmental science perspective and has numerous potential 

implications for various chemical and atmospheric processes under investigation. 
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CHAPTER 5 

SPATIALLY RESOLVED ELEMENTAL COMPOSITION AND 

DENSITY OF HETEROGENEOUSLY MIXED SUBMICROMETER 

PARTICLES 

5.1 Introduction 

Atmospheric aerosol particles play pivotal role in absorption and scattering of 

solar radiation, cloud condensation nuclei (CCN) formation, reducing visibility etc., and 

can in turn affect human health.
212-216

 These physicochemical properties of the aerosols 

directly vary with the density, chemical composition of individual particles and spatial 

distribution of chemical species within particle as well.
98,183,216

 Therefore, these effects 

have been studied for number of different atmospheric and atmospherically relevant 

laboratory generated samples.
217

 Moreover, atmospheric particles with organic coating 

have been found to influence aerosols physical, optical and chemical properties.
218,219

 

Several studies have shown that the knowledge of this mixing in atmospheric aerosols is 

very important for the environmental modeling to predict a particle’s environmental 

fate.
220

 For instance, Lesins et al. studied the difference in optical properties such as 

single scattering albedo, asymmetry parameter and extinction between internally and 

externally mixed sample of black carbon and ammonium sulphate and observed more 

than 25% difference for dry sample and 50% difference for wet sample.
216

 Furthermore, 

it is observed that prior knowledge of mixing state in aerosol particles is not only useful 

to understand their optical and physical properties but also to obtain information about 

aging of the particles.
221-223
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The effect of density and chemical composition of aerosol particles has a great 

interest in terms of predicting and justifying environmental processes. For example, Cruz 

et al. reported water uptake of ammonium sulphate and glutaric acid aerosol particles that 

was significantly enhanced with increasing the organic fraction.
215

 In the last decade, the 

effect of aerosol constituents and their spatial distribution on scattering efficiency of solar 

radiation has also been demonstrated.
216

 Furthermore, the particle density has been 

determined to be an important parameter in predicting the aerosol life cycle and its 

transport in the atmosphere.
183

 Therefore, quantification of density, elemental 

composition and spatially resolved chemical mapping on a single particle basis is 

necessary to entirely predict the effect of aerosol particles on the atmosphere with a 

desired accuracy. 

Combination of scanning electron microscopy and energy dispersive X-Ray 

(SEM/EDX) has been employed to study aerosol morphology and chemical composition, 

however, these techniques has potential risk of radiation damage to the sample.
172,224

 In 

addition, chemical composition of particle ensembles has been determined using infrared 

(IR) and micro Raman spectroscopy, although these techniques lack in ability to quantify 

density.
125,225

 Alternatively, density of submicron particles has been quantified using 

various techniques such as Differential Mobility Analyzer (DMA), Aerosol Particle Mass 

Analyzer (APM)/Scanning Mobility Particle Spectrometer (SMPS) setup which are 

incapable of providing chemical information.
192,195

 Therefore, a method, capable of 

quantifying density, elemental compositions and spatially resolved chemical information 

together will be ideal to characterize the overall effect of aerosols on different 

atmospheric processes. 
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In this study, a unique combination of atomic force microscopy (AFM) and 

scanning transmission X-ray microscopy (STXM) has been employed to explore mixing 

state in laboratory generated mixture of glutaric acid and sodium nitrate aerosol particles. 

The mixture of these two chemical components showed heterogeneous mixing in all the 

individual submicron particles and hence was ideal for this study. AFM phase images 

revealed core-shell type of mixing within the particles and STXM images confirmed that 

the structure has inorganic core and organic shell. Statistically relevant numbers of 

particles have been analyzed for relative carbon, nitrogen and oxygen content and further 

data analysis using Beer’s law yielded the density and elemental composition of particles 

on a spatially resolved manner.  

5.2 Experimental details: Materials and sample preparation 

Particles of mixture of glutaric acid and NaNO3 were generated using constant 

output atomizer (TSI, Inc., model 3076) from aqueous solutions prepared from reagent-

plus-grade chemicals (99.99% purity, Aldrich). All solutions were prepared with 

deionized water (18 MΩ•cm). The solution concentration for the both of the chemicals 

was 0.1 M. The generated particles were dried down to ~30% RH in a diffusion dryer 

(TSI, Inc., model 3062) prior to sizing and substrate deposition using a micro-orifice 

uniform deposit impactor (MOUDI) (MSP, Inc., model 110). Particles were deposited on 

Si3N4 windows (Silson Ltd., England) mounted on the impaction plate of the seventh 

stage. The aerodynamic cutoff size of the seventh stage is 0.56 µm. All samples were 

prepared at room temperature and used within a couple of days after the preparation. 

Experimental details for STXM and AFM experiments are exactly similar to the density 
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and elemental composition quantification described in Chapter 4. Therefore, please refer 

to Chapter 4 for the experimental details. 

5.3. Result and discussion 

5.3.1 AFM images of the particles 

Substrate deposited sub-micrometer sized particles of 1:1 molar mixture of 

glutaric acid and NaNO3 were subjected to atomic force microscopy (AFM) to quantify 

the thickness and size along with study on particle morphology. Initially, the particle 

morphology has been examined using AFM height and phase images (Figure 5.1). The 

particles were perfectly rounded in shape and the size distribution was found to be in the 

range of ~0.2-1.3 µm from the height image (Figure 5.1a). On the other hand, AFM phase 

images were acquired to understand the distribution of glutaric acid and NaNO3 in the 

particle. In the phase imaging, phase lag between the oscillation frequency of cantilever 

and driver is measured, which can be used to spatially characterize variations in 

composition, adhesion, friction, and viscoelasticity of the sample.
226-229

 Therefore, phase 

image can spatially distinguish two different chemical components in a particle. The 

phase image (Figure 5.1b) for our 1:1 glutaric acid and NaNO3 shows sharp 

discrimination between two components in the center and side of the particle, indicating 

heterogeneous mixing. Herein, we define the center as core and side of the particle as 

shell. AFM phase image can only distinguish different type of chemical species but 

cannot identify chemical substances; hence it is not possible to comment on which 

compound constitutes the core and which compound constitutes the shell at this point 

using the AFM phase image. 
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Figure 5.1(a) AFM height image showing morphology of 1:1 mixture of Glutaric acid 

and NaNO3 particles, (b) AFM Phase indicates presence of two different 

compound on the surface of each particle in the core and the shell.  

5.3.2 NEXAFS spectra and STXM maps 

The core-shell structure of the particle prompted us to analyze and compare the 

NEXAFS spectra obtained from the core of the particles with the spectra obtained from 

shell.  Spectra obtained in C and N-edge for both the core and shell of the particles was 

similar, owing to the fact that glutaric acid and NaNO3 are the lone source of carbon and 

nitrogen respectively. Noticeably, a considerable difference in the intensity of N and C 

containing functional groups has been observed for the core and the shell respectively. 

Hence, C and N-edge NEXAFS spectra obtained has been averaged over the whole 

particle and shown in Figure 5.2a, 2b. In C-edge spectra, two resonance transition 

occurring at 288.54 eV and 290.33 eV were observed, which has been assigned to COOH 

π
*
 and CH2 4p resonance transition respectively (Figure 5.2a).

202,203
 In addition, nitrogen 

NEXAFS shows signature of nitrite and nitrate π
* 
transitions

 
at 401.66 eV and 405.36 eV 

respectively (Figure 5.2b).
200,201

 Oxygen NEXAFS spectra, averaged over whole particle 

(core & shell) is shown in Figure 5.2c.  In O-edge, π* transition due to nitrate and –

COOH group occurs at 531.8 and 532.2 eV.
200,202

 Considering the broadening and 
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spectral resolution, it was not possible to separate the two above mentioned transition. 

Characteristic broad * transitions centered at 538.2 eV and 543.1 eV, corresponding to 

1s→3a'1 and 1s→4e' resonance were observed in the core O edge spectra of the core.
200

 

The vertical lines in the NEXAFS spectra represent the resonance transition energies used 

to obtain STXM maps (Figure 5.2a-c).  As mentioned earlier in the experimental section, 

the difference between post and pre edge absorbance signal is proportional to the number 

of atoms present in the sample. Since, the post edge signals were very low, resonance 

transition energies at 288. 6 eV (C), 405.3 eV (N) and, 531.8 eV (O) were used to obtain 

STXM map instead of post edge. Subsequently, the OD obtained from these maps was 

scaled to the post edge for the quantification of the density and chemical composition 

which will be discussed in the next section. STXM maps obtained from resonance 

transition energy and pre edge, for carbon, nitrogen, and oxygen are shown in Figure 

5.2d-f respectively. As expected, we observed core-shell structure in STXM maps as 

well.  In these maps, the brighter region corresponds to higher atomic absorbance, 

indicating relatively major occurrence of a particular atom in the brighter region of the 

particle.  To illustrate, N and O atoms had majority of occurrences in the core of the 

particle; whereas C atoms were preferably found in the shell. Therefore, predominant 

occurrence of NaNO3 in the core and glutaric acid in the shell has been confirmed using 

STXM chemical map as glutaric acid and NaNO3 is the only origin of C and N atoms 

within the particle. 
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Figure 5.2 NEXAFS spectra averaged over whole particle showing (a) C K-edge, (b) N 
K-edge and (c) O K-edge. The dashed line in each spectrum shows the 
transition energy used to obtain the STXM absorption maps, which has been 
shown in Fig. (d), (e) and (f) for C, N and O edge respectively.  

5.3.3 Spatially resolved density and elemental composition 

The spatial quantification of density and chemical composition utilizing the AFM 

height images and STXM maps will be discussed in this section. The approach was to 

utilize Beer-Lambert’s law (Eqn. 1) and plot absorbance at a particular absorption edge as 

a function of particle thickness and calculate the density from the slope.  

               ………………………………………. (1) 

where i is the atom type (i.e. C, N or O), ODi is the total atomic absorbance in units of 

optical density (OD), µi is the mass absorption coefficient of the corresponding atom, ρi is 

the density of i
th

 component in the particle, and d is the particle thickness. In case of 

heterogeneous mixing of multiple chemical components, OD at a specific region in the 
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particle at a particular absorption edge will provide the local density of that particular 

element (e.g. C, N, and O). The OD at different absorption edges (C, N, O) has been 

measured from the corresponding STXM map. These maps also provide the size of the 

particle fairly accurately, but particle thickness could not be measured from STXM map. 

On the other hand, AFM height images (Figure 5.1a) can be used to measure the size and 

thickness. In this scenario, two possible approaches could be utilized to obtain the 

particle thickness for the subsequent density quantification. In a direct approach, we can 

obtain the particle thickness using AFM and then do STXM experiment on the same 

particle region in order to generate STXM map of the same particle. Alternatively, 

analyze statistically relevant number of particles and obtain a correlation between the size 

vs. thickness from AFM height images and calculate the thickness of particle by 

multiplying the size of the particle (from STXM map) with the slope of this correlation. 

In this way, the laborious part of the experiment to locate the same exact particle 

measured using AFM could be avoided without affecting the accuracy of the result. 

Hence, we used the second approach for our work. The approach of combining AFM and 

STXM measurements could also, in principle, be extended to other submicron particles 

with regular shape such as spherical or ellipsoidal. The same approach of quantifying the 

density and elemental composition has been previously reported by our group for 

thixotropic hydrogel sample.
199

 Moreover, recently we have employed similar approach 

on several laboratory generated particles for the same. Herein, we show how this 

approach could be extended to examine the mixing state in heterogeneously mixed 

particles and quantify density and elemental composition in a spatially resolved manner.  
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The STXM maps in different absorption edges (Figure 5.2) have been used to get 

an absorbance profile as a function of distance across each particle. A representative 

shape of the profile obtained from STXM map in C-edge is shown in Figure 5.3a. This 

profile shows the distribution of carbon containing species, glutaric acid, across the 

particle. Point 1 in the profile is the exact center of the particle and point 2 represents the 

region of maximum occurrence of glutaric acid. Hence, local density and chemical 

composition calculated at point 1 and 2 in the absorbance profile would represent the core 

and the shell respectively. In order to do that, the thickness of the particle at both the 

points needs to be measured first. Hence, the distance between the two points of 

maximum of occurrence of glutaric acid, defined as core width, is plotted as a function of 

size of the particle. The slope of the graph is then multiplied with the size of the particles 

in AFM height image to calculate the thickness at point 2 (shell, maximum occurrence of 

glutaric acid) for each particle as shown in Figure 5.3c. Measured thickness at point 1 and 

2 is then plotted as a function of size of the particle obtained from the AFM height image 

(Figure 5.3d). The slope of these two correlations enables us to determine the thickness of 

the particles studied in STXM absorbance map in both core (point 1) and shell (point 2). 
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Figure 5.3(a) Spectral profile through the middle of a representative particle in the STXM 
absorbance map shows maximum occurrence of C at point 2 (Shell) whereas 
point 1 (Core)  is the center of the particle. The distance between the two 
maximum occurrence points has been defined as core width. (b) Core width, 
calculated from absorbance maps, is plotted as a function of the diameter of 
the particle. (c) AFM height profile of similar sized particle. The thickness of 
point 2 is determined using the slope of the plot in (b). (d) Correlation of 
thickness as a function of diameter of the particle.  

In the final step of this analysis, the thickness of particles studied in STXM 

absorbance maps (Figure 5.2d-f) has been calculated by multiplying the slope of the 

correlations shown in Figure 5.3d with the respective size of the particle, followed by a 

plot of absorbance as a function of both core and shell thickness of the particle (Figure 

5.4a, b) for all the absorption edges (C, N, O). According to Eqn. 1, dividing the slope of 

these graphs by the corresponding mass absorption coefficient, calculated from the 

atomic scattering factors and determined to be 3.84 x 10
4
 and 2.80 x 10

4
 and 1.96 x 10

4 

cm
2
/g for C, N and O, enables us to calculate the atomic density of respective elements. 

These atomic densities are reported in Table 5.1. Moreover, the molecular formula of the 

compounds (NaNO3 and glutaric acid) is utilized to calculate total density of the all the 

materials present in both core and shell. The total density for the core and shell was found 
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to be 1.17 ± 0.08 and 1.28 ± 0.1 g/cc respectively. Hence, the core and shell has nearly 

similar density with the standard deviations taken into consideration. The bulk density of 

pure NaNO3 and Glutaric acid is 2.17 and 1.62 g/cc respectively (Sigma Aldrich). 

Interestingly, the combination of these two compounds creates a heterogeneous mixture 

with a considerably less density, indicating these particles being porous in nature.  

 

Figure 5.4 Plot of absorbance as a function of (a) core and (b) shell thickness for all the 
absorption edges, used to calculate the density and elemental composition 
from the slope of the plots.  
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Moreover, the elemental composition of the particles has been calculated for both 

core and shell of the particle by dividing the individual atomic densities by corresponding 

atomic weight. The experimental chemical composition was found to be 1:1:3.8 and 

1:0.13:1.2 (C : N : O) for the core and the shell respectively (Table 5.1). Again, the 

occurrence of C and N atoms in only glutaric acid and NaNO3 enables us to verify the 

experimentally determined elemental composition by calculating the expected amount of 

O atom for a known amount of C and N atoms. These calculated elemental compositions 

have been in really good coordination with the experimentally determined compositions 

as shown in Table 5.1. The presence of a little excess oxygen in the core of the particle 

could be either attributed to presence of water present in the particle core as they have 

been formed from solution mixture or simply the error in the data analysis. 

Table 5.1 Summary of densities and atomic ratios in core and shell of the particle 

Region C density 

(g/cc) 

 

N density 

(g/cc) 

O density 

(g/cc) 

Total 

density 

(g/cc) 

Atomic ratio 

C:N:O 

C5O4H8:NaNO3 

Core 0.12 ± 0 .01 0.14 ± 0.01 0.66 ± 0.06 1.17 ± 0.08 1:1:4 

(1:1:3.8)* 

1:5 

Shell 0.42 ± 0.03 0.06 ± 0.005 0.65 ± 0.06 1.28 ± 0.1 1:0.13:1.2 

(1:0.13:1.2)* 

1:0.65 

Asterisk (*) shows the expected atomic ratios calculated from C/N ratio 

5.4 Conclusion 

This unique approach can be utilized to calculate the spatial distribution of 

compounds in a particle of multicomponent heterogeneous mixture. More specifically, 

this approach allows us to quantify local elemental composition and density within a 
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particle. Hence, this method will be important to analyze the effect of mixing on different 

physical properties such as scattering of solar radiation, cloud condensation etc. for 

complex atmospheric aerosol particles. Moreover, this method could be extended to 

micrometer or sub-micrometer sized crystals or other multicomponent substances to 

quantify spatially resolved density and elemental composition.  
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CHAPTER 6 

SPECTROSCOPIC EVIDENCE OF KETO-ENOL TAUTOMERISM IN 

DELIQUESCED MALONIC ACID PARTICLES 

6.1 Introduction 

Organic compounds are ubiquitous in the atmosphere.
230-232

 They have been 

found in various sources such as fog and rain water, ice water, gas phase, and aerosols.
233-

240
 In particular, organic aerosols (OA) play vital role in different atmospheric reactions 

and physicochemical processes along with the direct and indirect effects on the Earth’s 

climate.
113,230,231,241,242

 Carboxylic acids and low-molecular weight dicarboxylic acids 

such as oxalic, malonic, glutaric, succinic acid, are abundant in atmospheric OA.
243

 Due 

to their high polarity, dicarboxylic acids are readily soluble in water and show efficient 

deliquescence and water uptake properties, thus can strongly alter the hygroscopic 

properties of other inorganic aerosols in a mixed state.
128,225,244,245

 More importantly, 

changes in chemical structure or composition due to water uptake can potentially impact 

atmospheric chemistry and reactivity of deliquesced OA particles.
111,112

 

Malonic acid has been reported as an abundant component of atmospheric OA.
246

 

In fact, it is the second most abundant dicarboxylic acid in the atmosphere, ubiquitous 

over oceans and urban areas.
246

 Malonic acid is the subject to keto-enol tautomerism 

(Figure 6.1), whereas the keto form dominates equilibrium in aqueous solutions.  The 

upper limit for the keto-enol equilibrium constant of malonic acid has been estimated as 

10
-4

.
247

 Therefore, concentration of the enol form of malonic acid in micro droplets of fog 

and cloud is negligible.  However, recent theoretical study by Yamabe et al
248

 showed 

that tautomerization may proceed through a complex intramolecular transition state 
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involving a malonic acid and six water molecules, as opposed to a direct unimolecular 

mechanism of the keto-to-enol proton shift.  Therefore, the keto-enol equilibrium of 

malonic acid might be different for highly concentrated deliquesced particles where such 

an intramolecular, concerted mechanism can be effective.  To the best of our knowledge, 

the aspect of keto-enol tautomerization in submicron deliquesced malonic acid particles 

has never been studied before, and this is the subject of the present work. 

O

OH

HOOC

H

H2O

OH

OH

HOOC

H  

Figure 6.1 Keto-enol tautomerism of malonic acid in the presence of water vapor.  

In this study, we apply Scanning Transmission X-ray Microscopy coupled with 

Near Edge X-ray Absorption Fine Structure Spectroscopy (STXM/NEXAFS), and optical 

microscopy combined with Fourier Transform Infrared Spectroscopy (micro-FTIR) to 

study at different relative humidity (RH) the hygroscopic behavior and chemical 

transformations of malonic acid particles deposited on a substrate.  Changes in the carbon 

and oxygen K-edge NEXAFS and FTIR spectra were used to quantitatively determine the 

equilibrium water-to-solute ratio as a function of RH.  We report spectroscopic evidence 

of substantial keto-enol tautomerism in deliquesced malonic acid particles, with 

equilibrium shifted towards the enol product as RH increases.  We determine the 

equilibrium constants of the keto-enol tautomerization based on quantitative analysis of 
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NEXAFS spectra acquired at different RH from the same individual particle of malonic 

acid. 

6.2 Experimental details 

All the experimental details including the sample preparation is exactly same as 

Chapter 2 and Chapter 3. Please refer to experimental section of Chapter 2 for the details 

of STXM experiments and Chapter 3 for the details about micro-FTIR experiments. 

6.3 Result and discussion 

6.3.1 STXM image of malonic acid particles 

Malonic acid particles were exposed to increasing relative humidity (RH) to 

explore their hygroscopic and chemical properties.  In STXM/NEXAFS experiments, 

individual particles with different sizes have been studied and showed similar results.  

Figure 6.1a, b show the total oxygen maps of the same particle at the lowest (~2%) and 

highest (90%) RH.  The oxygen maps are obtained by subtracting the preedge optical 

density (OD) image from the postedge OD image.  The initial size of the particle at ~2% 

RH was 2.3 μm
2
.  With the increasing exposure to water vapor, the particle started to take 

up water and grew in size to 2.9 μm
2
 at 90% RH.  The maximum absorbance value in the 

oxygen map (Figure 6.1) that corresponds to an approximate center of the particle has 

increased from 0.33 to 0.65 OD between RH of ~2% and 90%, respectively. 
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Figure 6.2 Total oxygen maps (scan size is 4 μm x 4μm) of a representative malonic acid 
particle at ~2% RH (a) and 90% RH (b).  

6.3.2 Hygroscopic properties of malonic acid 

Total oxygen maps acquired at different RH are used to quantify the mass of 

water and water-to-solute ratio (WSR) on a single particle basis. Detailed description of 

the method to quantify mass of water using STXM on a single particle basis has been 

reported elsewhere,
31

 and thus will be described only briefly here. To determine the mass 

of water quantitatively on a single particle basis, we employ an averaged cross-sectional 

analysis of the O maps recorded at different RH over the particle. In order to relate the 

cross-sectional measurements to the O mass analysis, two assumptions are used: particle 

shape is a half-ellipsoid and the density of water inside the particle is homogeneously 

distributed within the particle. Based on the equation of a standard axis-aligned half-

ellipsoid in an xyz-Cartesian coordinate system and using the assumptions above, the 

mass of O atoms within a particle can be calculated using the following equation:
31

 

                                       
 

 

    〈     〉

 
                ( )  

where mO is the mass of water, ∆x and ∆y are the two full widths at half maximum 

(FWHM) recorded from the averaged horizontal and vertical cross-sectional profiles of a 

total O map at a particular RH value. The horizontal and vertical cross-sections are 
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measured along the two main axis of the particle that lies within a substrate plane.  

<ODmax> is the maximum averaged total O absorbance in units of optical density and µ is 

the difference in mass absorption coefficients for atomic O between 550 eV and 525 eV. 

The difference in mass absorption coefficients is calculated from the atomic scattering 

factors and found to be 1.96 x 10
4
 cm

2
/g.

31
 If particles have O atoms in their molecular 

formula, as in the case of malonic acid, then the O absorbance maps and Eq. 1 can be 

used to determine the initial amount of the solute, hence allowing us to quantify WSR for 

an individual submicrometer particle as a function of RH. We previously demonstrated 

the accuracy of this approach for sodium nitrate particles with excellent literature 

agreement for the plots of the WSR as a function of RH.
31

 

 

Figure 6.3 Plot of the water-to-solute (WSR) as a function of RH for malonic acid 
obtained from our STXM (▵) and micro-FTIR (▢) data sets, as well as the 
literature result from Peng et al.

127
  

Using the cross-sectional analysis and Eq. 1 described above, determined WSR 

values of the malonic acid particle are plotted as function of RH (Figure 6.2, triangles). 
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Here, WSR value of approximately 3 at ~2% RH was subtracted to enable the 

comparison with the micro-FTIR and literature data sets. The non-zero WSR value 

indicates the particle was not fully dehydrated and retained water even at such low 

humidity. Complementary analysis by micro-FTIR spectroscopy has been also performed 

over identical sample of malonic acid particles. Figure 6.3a shows the FTIR spectra of 

malonic acid particles recorded at different RH.  Detailed IR spectra for the region of 

810-1800 cm
-1

 and assignments of the specific vibration modes are shown in Figure 6.3b 

with the peak assignment summarized Table 6.1. Different modes for CH2, COOH and 

OH functional groups are assigned according to the literature.
177-179,249,250

 Two well-

defined bands that correspond to the free C=O stretching (1730 cm
-1

) and C=O 

associated with intermolecular hydrogen bonds (1690 cm
-1

) are also observed in the 

spectrum.
249

 Upon an increase in RH, peaks broadening and red shifts of malonic acid 

bands are observed, typical for particle hydration experiments.
125,171

 Condensed-phase 

water starts to appear at ~70% RH without a sharp deliquescence phase transition, 

followed by a continuous water uptake at higher RH. The integrated peak area (between 

3660 to 2750 cm
-1

) of the hydroxyl stretching band (peak maximum ~3400 cm
-1

) of the 

FTIR spectra is used to calculate WSR according to the literature.
171

 The equation used to 

calculate the WSR is as follows 

                    
      

        
 
 ̅(       )  ̅(  )

 ̅(       )  ̅(  )
………………………………………(2) 

where nwater and nmalonic are the number of water and malonic acid molecules, 

respectively.  ̅(  ) and  ̅(       ) are the experimental integrated absorbances of 

malonic acid particles for ν(H2O) band (3660-2750 cm
-1

) and ν(COOH) band (1200-1500 

cm
-1

), respectively. An attenuated total reflectance Fourier transform infrared (ATR-
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FTIR) spectroscopy (Thermo Scientific; Nicolet 470/670/870) was utilized to study 

aqueous solutions of malonic acid of known concentrations to determine the absorption 

cross section for the COOH group in malonic acid of  ̅(       ) = 3.8   10
-17

 

cm•molecule
-1

.
171

 The absorption cross-section for ν(H2O) band was taken as  ̅(  ) = 

1.07   10
-16

 cm•molecule
-1

.
251

 To remove an initial water contribution to the WSR 

values, the FTIR spectrum at ~2% RH has been subtracted from the spectra at higher 

humidity. Hence, the relative WSR results are reported, similar to the STXM data set 

above, which facilitates their direct comparison. Figure 6.2 shows the WSR plot 

determined using micro-FTIR results as a function of RH (squares), which is essentially 

identical to the hygroscopic growth curve determined by STXM. In addition, results from 

particle levitation experiment of Peng et al
127 

are also shown in Figure 6.2 (filled circles). 

As can be seen, all three data sets very closely follow each other. The observed overlap is 

significant as it validates our single particle STXM measurements against hydration 

growth values obtained in other experimental techniques.  
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Figure 6.4(a) FTIR spectra of malonic acid particles as a function of RH, showing an 
increase in the hydroxyl stretch band as RH increases.  Two vertical lines at 
3660 and 2750 cm

-1
 indicate the integration range used to quantify the 

hydroxyl peak area for the WSR calculation. (b) Detailed FTIR spectrum of 
malonic acid particles at ~2% RH within the region of 810-1800 cm

-1
.  

Numbers correspond to specific vibration modes with the assignment 
summarized in Table 6.1. 
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Table 6.1 Main infrared bands and assignment for malonic acid particles at ~2% RH. 

Band (cm
-1

)
*
 Assignment

**
 References 

925 νasym(C-C) + τ(CH2) + γ(C=O) 177,179 

1175 γ(CH2) + ω(CH2) 179 

1225 ν (C-C) 179 

1320 ν(C-O) 177,178 

1400 δ(OH) 177-179 

1445 δ(CH2) 177 

1690 ν(C=O) 177,249 

1730 ν(C=O) 177,178,250 

*
Bands are as shown in Fig. 3b; 

**
ν - stretching, δ - bending, τ – torsion, γ – rocking. 

6.3.3 Changes in IR spectra of malonic acid particles 

The micro-FTIR data set provides qualitative information that supports the 

equilibrium of the tautomerism reaction (Figure 6.1) in the deliquesced malonic acid 

particles is shifting towards the enol form as RH increases. The RH-dependent changes in 

the malonic acid bands during hydration experiment can be identified by subtracting the 

spectrum at ~2% RH from spectra at the higher RH. Obtained difference spectra for 

several selected RH are shown in Figure 6.4. The positive change in the absorbance of a 

particular band is indicative of an increase in the corresponding number of functional 

groups and vice versa. A clear decrease in the signal of IR bands characteristic of the keto 

form is evident from the data. Specifically, the negative peaks τ(CH2) at 940 cm
-1

, γ(CH2) 

+ ω(CH2) at 1175 cm
-1

 and δ(CH2) at 1445 cm
-1

 in the difference spectra indicate 

diminishing of the methylene (–CH2-) groups.
177,249

 Negative peak ν(C-C) at 1225 cm
-1

 is 

due to the decrease in the carbon-carbon single bond, while negative peaks ν(C=O) at 

1690 cm
-1

 and 1730 cm
-1

 correspond to the decrease in the number of COOH groups.
177-
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179,249,250

 All these changes are consistent with the keto-enol equilibrium shifting towards 

the enol form as RH increases. Series of positive peaks in the region of 1620-1680 cm
-1

 

can be attributed to an increase in the number of C=C groups
252

 in enol as humidity 

increases, consistent with the expected equilibrium shift. However, we note the observed 

increase is not quantitative due to the presence of rotational fine structure of water
253

 in 

the same region that would also give a positive signal as humidity increases. 

 

Figure 6.5 Difference FTIR spectra of malonic acid particles at three selected RH (21, 42, 
62%) obtained by subtracting the spectrum at ~2% RH from every spectra. 
Numbers correspond to specific vibration modes with the assignment 
summarized in Table 6.1.  

6.3.4 Solution phase FTIR spectra of supersaturated 

malonic acid 

Solubility of malonic acid in water is ~0.21 in the unit of mole fraction which 

corresponds to ~3.8 WSR at 25°C.
204

 Therefore, we were interested in examining the 

similar tautomerism reaction in solution phase at concentrations comparable to WSRs in 

the particulate state described in the previous section. Accordingly, malonic acid 
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solutions of 1M, 4.3M, 12M, 15.5M concentrations have been prepared, corresponding to 

55.5, 12.9, 4.6, and 3.6 WSR respectively. The ATR-FTIR spectra of these samples are 

shown in Figure 6.5. All the specific transitions due malonic acid have been observed in 

all four different concentrations except one transition at ~1620 cm
-1

. This peak was 

attributed to the formation of C=C due to formation of enol in the keto-enol tautomerism 

reaction as the peak for C=C transition occurs traditionally in between 1620-1680 cm
-1

 

for unsaturated carboxylic acids.
252,254

 This transition have been found for the solutions of 

12.9, 4.6 and 3.6 WSRs; whereas it was absent for the solution with 55.5 WSR, 

supporting same keto-enol tautomerism reaction for the highly concentrated solutions. 

Moreover, ratio of the intensity of C=C transition to COOH transition (~1720 cm
-1

) will 

be a direct indication of the efficiency of the keto-enol tautomerism reaction. The peak 

ratio reported in Figure 6.5 indicates that the reaction shifts most towards the product at 

12.9 solution WSR, which in turn corresponds to 90% RH in the particulate state. This 

result further verifies the existence of the tautomerism reaction. Therefore, quantifying 

equilibrium constant at different WSRs would directly provide us the measure of 

equilibrium shift towards the product in the tautomerism reaction. As FTIR data is not 

quantitative enough to measure the equilibrium shift in the tautomerism reaction in 

deliquesced malonic acid particles, we present STXM/NEXAFS results that not only 

support these observations but can also be used to quantify the keto-enol equilibrium 

constant and how it changes as a function of RH in the next section of this report. 
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Figure 6.6 Solution phase ATR-FTIR spectra of malonic acid at similar concentrations as 
particulate state WSRs. Peak a (~1620 cm

-1
), assigned to –C=C- resonance, 

has been observed in comparable solution phase concentrations as particulate 
state WSRs. Peak b (~1720 cm

-1
) was assigned to be –COOH resonance. 

Therefore, ratio of peak a/peak b at a particular concentration will be a 
measure of the tautomerism reaction towards the enol form.  

6.3.5 RH dependent NEXAFS spectra showing the 

existence of keto-enol tautomerism 

To determine the chemical changes in the deliquesced malonic acid particles, near 

edge X-ray absorption fine structure spectra (NEXAFS) at carbon (280-320 eV) and 

oxygen (525-550 eV) K-edge were measured. Figure 6.6 shows carbon (a) and oxygen 

(b) K-edge NEXAFS at three selected RH for the single particle shown in Figure 6.1. For 

all spectra, the corresponding constant pre-edge absorbance was subtracted to facilitate 

the comparison. Several conclusions are apparent from these data. First, the total carbon 

absorbance (320 - 280 eV) remains unchanged as humidity increases. The absence of a 

change is expected since the number of malonic acid molecules inside the particle should 

remain constant. On the other hand, the total oxygen absorbance (550 – 525 eV) clearly 

increases with an increase in RH, which is due to continuous water uptake by the malonic 
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acid particle. Additional spectroscopic insights can be obtained by closely examining the 

peak intensities of different functional groups. Prior to adding water vapor (~2% RH), 

single particle C edge spectrum (Figure 6.6a) shows two distinct transitions at 288.6 and 

290.4 eV that correspond to COOH π* and CH2 4p resonances, respectively.
202,203

 O edge 

spectrum (Figure 6.6b) also shows well defined COOH π* resonance at 532.5 eV and a 

broad σ* resonance around 540 eV.
202

 Comparison of the spectra at ~2%, 50% and 90% 

at both C and O K-edges shows a decrease in the absorbance of COOH group (288.6 eV 

in C edge and 532.5 eV in O edge) and CH2 (290.4 eV) resonance with increasing RH.  

Moreover, a peak at 285.1 eV and shoulder at 287.3 eV clearly increase with increasing 

RH. These peaks are assigned to C=C and C-OH resonances, respectively.
202,255

 The 

observed chemical changes, similar to the micro-FTIR data set, are consistent with the 

keto-enol tautomerism of malonic acid (Figure 6.1), and indicate substantial shift of the 

equilibrium towards the enol product formed in deliquesced particles at higher RH. 

6.3.6 Calculation of RH dependent equilibrium constant 

Prior to quantifying the equilibrium constant for the tautomerism reaction using 

the STXM/NEXAFS data, the possibility of X-ray damage during STXM measurements 

that can lead to the observed chemical changes needs to be discussed. We have several 

arguments that suggest the changes observed are not due to the radiation damage. First, 

STXM/NEXAFS results are consistent with the independent micro-FTIR data presented 

above, which is not affected by the radiation damage. Second, STXM experiments were 

repeated under various extents of X-ray exposure and similar C and O K-edge spectra 

were observed. We note a report by Wang et al,
256

 where continuous X-ray exposure of a 

thin polymeric film resulted in the chemical changes similar to those observed here. 
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However, the radiation dose used in the present work was calculated to be ~1000 times 

lower than the dose used in the work by Wang et al to observe the chemical changes 

within a polymer film. Thus, the combined evidence presented strongly support the 

observed changes in the C and O K-edge NEXAFS spectra do not originate from the X-

ray damage. 

To determine the equilibrium constant of keto-enol tautomerization, we use 

changes in the intensity of the COOH peak at both C and O edges and C=C peak at C 

edge recorded at three different RH (~2%, 50% and 90%). The number of particular 

functional groups is directly proportional to the corresponding peak intensity in the 

NEXAFS spectrum with the coefficient of proportionality that includes the mass 

absorption coefficient for this transition.
50,58

 Since the mass absorption coefficients for 

the COOH and C=C transitions are not available, we instead utilize available literature 

values for the oscillator strength of corresponding resonances because both coefficients 

are directly proportional to each other.
257

 The oscillator strength of COOH resonance for 

the keto and enol forms of malonic acid are assumed to be the same as for the COOH 

transition of acetic and acrylic acids, respectively. The basis for this assumption is 

structural similarity of these compounds to two forms of malonic acid. Based on the 

available literature values,
203

 the oscillator strength of the COOH transition in the C K-

edge is      
 (    ) = 8.8 x 10

-2
 eV

-1
 for the keto form and      

 (    ) = 6.3 x 10
-2

 

eV
-1

 for the enol form. The oscillator strength of the COOH transition at the O K-edge is 

     
 (    ) = 2.3 x 10

-2
 eV

-1
 and      

 (    ) = 1.5 x 10
-2

 eV
-1

 for the keto and enol 

forms of malonic acid, respectively. 
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The initial number of malonic acid molecules inside the particle that includes both 

the keto and enol forms is defined as ntot, while the number of molecules in the enol form 

at a particular RH is ΔnRH. Then, the number of molecules in the keto form at the 

corresponding RH is (ntot - ΔnRH). Based on the Beer-Lambert’s law, the COOH 

absorbance at a particular RH (   
 (    )) is directly proportional to the number of 

COOH groups that originate from the keto and enol forms of the malonic acid. Therefore, 

by multiplying the number of COOH groups of both the enol and keto forms with the 

corresponding oscillator strength, and taking into account two COOH groups per single 

molecule in the keto form and one COOH group for the enol form, the COOH absorbance 

at a particular RH can be expressed by the following equation: 

   
 (    )   [ (         )     

 (    )           
 (    )]………..(3) 

where χ is humidity-independent constant that accounts for the size of the particle 

and includes the coefficient of proportionality between the oscillator strength and mass 

absorption coefficient. 

Next, by dividing Eq. 3 for ~2% RH by that at either 50% or 90% RH, we obtain: 

   
 (    )

   
 (    )

 
[ (         )     

 (    )          
 (    ) ]

[ (         )     
 (    )          

 (    ) ]
…………(4) 

The number of the enol-form malonic acid molecules at 50% or 90% RH (∆nRH) 

is directly proportional to the absorbance of the C=C peak, their ratio to that at 2% RH is 

    

    
 
   (   )

   (   )
………………(5) 

To simplify further derivations, the following new parameters are defined: 

   
     
 (    )

     
 (    )

;     
    

    
;     

    

    
;    

  
   
 (    )

   
 (    )

………………….(6) 



108 

  

Then, after writing Eq. 3 for 2%, 50% and 90% RH, both sides of the equation for 

50% and 90% RH were divided by the corresponding sides of the equation at 2% and, 

after a few derivations, the parameter βRH can be expressed as: 

 (     )  
    

    
 
( -

 

  
)( - )

( - )
    

(  
 

   
)(    

     )

(    
   )

…………………..(7) 

Finally, the equilibrium constant can be described in terms of the parameter βRH 

as: 

    
    

         
 

 

     
…………………….(8) 

 Using Eq. 7 and experimental results for the absorbances of the C=C and COOH 

transitions at the C K-edge, we determine βRH values at 50% and 90% RH. Substitution of 

the corresponding βRH values in Eq. 8 provides the keto-enol equilibrium constant at these 

two RH. The equilibrium constant at 2% RH can be obtained by combining Eq. 6 at ether 

50% or 90% RH and the corresponding γRH parameter, resulting in  

    
 

   
   

  
………………….(9) 

Hence, by using determined βRH and γRH values at 50% or 90% RH, the same 

value for the equilibrium constant at ~2% RH is expected and was indeed observed, as 

shown below. Additionally, since we can also quantify the number of COOH functional 

groups using the COOH π* resonance at 532.5 eV at the O K-edge, derivations similar to 

above can be performed to obtain the equilibrium constant at 2%, 50% and 90% RH 

using the measured absorbances of the C=C and COOH transitions at the C and O K-

edges, respectively. Specifically, Eq. 3-9 will be identical to above with the exception of 

replacing the superscript “C” with “O” to reflect different oscillator strength of the 

COOH transition at the O K-edge relative to that at the C K-edge. 
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Two independent sets of the keto-enol tautomerism reaction equilibrium constants 

at 2%, 50% and 90% RH determined using the measured NEXAFS absorbances for: 1) 

the C=C and COOH transitions at the C K-edge, and 2) the C=C at the C K-edge and 

COOH at the O K-edge are summarized in Table 6.2. We note that while both sets of 

equilibrium constants are fairly similar to each other, the constants determined from the 

C=C and COOH absorbances in the C K-edge are systematically lower than that from 

both C and O K-edges. The deviation is due to the systematic overestimation of the 

number of COOH groups based on the absorbance measurements of the COOH 

resonance (288.6 eV) in the C K-edge spectra, which is close to the ionization potential 

of carbon (~290 eV, K-edge).
244

 The ionization step provides an additional absorbance 

value at the 288.6 eV which results in overestimation of the number of COOH groups, 

which in turn leads to the observed systematic deviation between the two independent 

sets of equilibrium constants. Since the COOH resonance at the O K-edge (532.5 eV) is 

sufficiently far away from the ionization potential of oxygen (~537.5 eV),
258

 its 

contribution to the measured absorbance of COOH transition at this edge is negligible. 

Therefore, the equilibrium constants determined using the combination of both C and O 

K-edge spectra (left column in Table 6.2) are more accurate than those determined using 

only C K-edge data (right column in Table 6.2). 
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Table 6.2 Equilibrium constants at different RH determined from absorbance of COOH 

transition from both C and O K-edge NEXAFS spectra and C=C absorbance 

from C K-edge NEXAFS spectra. 

RH Equilibrium constants determined 
using O edge COOH and C edge 
C=C 

Equilibrium constant determined 
using C edge COOH and C edge 
C=C 

~2% 0.18 ± 0.03 0.15 ± 0.03 

50 1.1 ± 0.15 1 ± 0.20 

90 2.3 ± 0.4 2.2 ± 0.4 

 

The equilibrium constants of 0.18 ± 0.03, 1.1 ± 0.15 and 2.3 ± 0.4 were 

determined for ~2%, 50% and 90% RH, respectively (Table 6.2, left column). These 

results provide a clear evidence for the substantial keto-enol tautomerism in deliquesced 

malonic acid particles, significantly larger than the equilibrium constant of ~10
-4

 typical 

of aqueous solutions of malonic acid of usual concentration (e.g 1M).
247

 Additionally, the 

equilibrium is shifted towards the enol product as RH increases. We note the equilibrium 

constant of a fully dehydrated malonic acid is expected to be less than 10
-4

.
247

 However, 

as was discussed above using STXM data, the particle at ~2% RH still retained some 

amount of water (~3 WSR), hence nonzero value of equilibrium constant is observed. 

The keto and enol forms of malonic acid show different stability in gaseous and 

liquid phase. The enol form is predominant in the gas phase whereas the equilibrium 

shifts towards the keto form in dilute solution as the solvent polarity increases leading to 

the stabilization of the keto form.
248

 However, experiments with the solution of very high 

concentrations, which falls in the range of the WSRs for the particulate state, showed the 

existence of C=C group and hence prove the existence of the same tautomerism reaction. 

Similarly, our results also indicate a substantial shift towards the enol form for the 

deliquesced malonic acid particles, clearly proving that the origin of the observed shift 
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lies in the limited number of water molecules per malonic acid molecule. According to 

the theoretical work by Yamabe et al,
248

 an intramolecular mechanism of keto-enol 

tautomerism is predicted with limited number of water molecules around a single malonic 

acid molecule, consistent with our results.  Additionally, the activation energy of the 

transition state for the keto-enol tautomerism was predicted to be the lowest when single 

malonic acid molecule is hydrogen-bonded to six water molecules,
248

 which in turn 

corresponds to the WSR of 6. The fact that the range of WSR is between 3 to 14 supports 

the theoretical calculation by Yamabe et al.
248

 At this point one can expect to have a 

maximum equilibrium constant at WSR of 6. But, that would only be possible if we 

would have had a proper deliquescence phase transition like usual inorganic aerosol 

particles; instead we observed continuous uptake of water for malonic acid. Therefore, 

we can reasonably expect a slight increase in the equilibrium constant on going from 50% 

to 90% RH, which is also evident from the solution phase measurements (Figure 6.5).  

Furthermore, as
 
discussed previously, the difference IR spectra in Figure 6.4 show a 

decrease in the peaks at 1730 and 1690 cm
-1

 that correspond to free and hydrogen bonded 

ν(CO) bands, respectively. This observation provides additional evidence that supports 

the intramolecular keto-enol tautomerization mechanism in deliquesced malonic acid 

particles. 

6.3.7 Environmental implication 

The effect of shifted equilibrium towards the enol form in the deliquesced 

particles as described here is novel, and likely is not unique only for malonic acid. 

Similar intermolecular mechanisms and elevated concentrations of enol tautomers may be 

relevant to a range of carboxyl and carbonyl containing species present in atmospheric 
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OA particles. In fact, we have observed with our initial experiments that similar effect 

exists for Fulvic acid and biomass burn tarballs. Enols are important intermediates in 

aqueous chemistry leading to formation of low volatility SOA products through reactions 

of acid catalyzed esterification, hemiacetal formation, aldol condensation, and 

organosulfates (sulfur esters) formation.
259

 These reactions are considered to have 

secondary importance in cloud and fog droplets, while reactions of OH radicals with 

dissolved organics tend to be faster and produce more low volatility SOA products. 

However, in highly concentrated deliquesced particles reactions through enol 

intermediates may be a major source of multifunctional, high-molecular weight humic-

like substances. Since the keto-enol tautomerization is very fast and both forms are 

effectively equilibrated, the rates of the products formation will be proportional to 

concentration of the enols which might be unexpectedly high at aerosol relevant 

concentrations. At present, formation of SOA is underestimated
260

 by major atmospheric 

chemistry models as compared to field measurements. Our results indicate that elevated 

concentrations of enols in deliquesced particles may be of substantial importance for 

improving the modeling predictions. 

6.4 Conclusion 

In this work we report the hygroscopic and chemical properties of fine malonic 

acid particles. Significant changes in the chemical structure of malonic acid particles 

have been observed as a function of relative humidity and also verified with bulk 

solutions of similar WSRs. Specifically, methods of NEXAFS and FTIR spectroscopy 

have been used to identify and quantify the formation of enol tautomer of malonic acid 

(1,1-dihydroxy propenoic acid) with increasing relative humidity. NEXAFS spectra at 
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different RH were used to calculate the equilibrium constant of the tautomerism reaction 

at three different relative humidity and found to be in the order of ~10
-1 

which is 

approximately four orders of magnitude higher than that observed in the bulk dilute 

solutions. Thus, the existence of the enol form malonic acid in atmospherically relevant 

particles is established and relevant effects of this finding to the atmospheric SOA 

chemistry are proposed. Our results suggest that the keto-enol tautomerization 

equilibrium at aerosol relevant concentrations may be substantially different from that 

reported for the unsaturated aqueous solutions. This finding warrants further studies on 

the keto-enol equilibrium of other organic acids present in deliquesced OA particles. 
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CHAPTER 7 

TUNING MECHANICAL PROPERTIES OF ORGANIC CO-

CRYSTALS IN NANOSCALE 

7.1 Introduction 

7.1.1 Organic materials in device applications 

Silicon based devices such as chips,
261,262

 display technology
263,264

 and 

microcircuits
265,266

 have been used since last half of 20
th

 century. Integrated circuits, built 

up from many silicon devices (such as transistors and diodes) on a single chip, control 

everything from cars to telephones.
267

 The thirst for cheaper electronic memory, and 

faster and more powerful processors, is still not satisfied. It has been predicted that 2012 

will see silicon based devices reaching its fundamental physical limit.
268

 Therefore, lot of 

energy and research has been put forward to find an alternative. One of the most 

promising materials is organic materials. It has been reported that flexibility and light 

weight of organic materials has a significant advantage over silicon in terms of designing 

solar cells.
269,270

 The cost effectiveness of organic materials is another factor in building 

micro devices.
271

 Moreover, optical light emitting diode (OLED) display is significantly 

brighter and thinner with wider viewing angle compared to other displays.
272

 Hence, 

organic materials are considered to be an alternative in recent past.  

7.1.2 Structure property relationship and solid state 

reactivity 

Complete understanding of structure and property relationship of organic solids is 

necessary for rational design of organic devices.
64,273

 For example, understanding of 
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physical and intermolecular phenomenon in the context of crystal engineering is essential 

in order to design molecular electronics.
274

 Solid state reactivity of organic solids has 

been particularly of interest especially that undergoes single-crystal-to-single-crystal 

(SCSC) reaction.
79,275

 Potential applications of these materials are currently realized in 

pharmaceutical and materials science,
82,276,277

 supramolecular synthesis
81

 and other 

organic devices.
85,86

 However, the rarity of materials undergoing SCSC reaction has 

limited these applications. Changes in molecular structure on solid state photoreaction 

invariably results in accumulation of stress and strain that causes the crystals to crack.
278

 

Therefore, it’s important to explore the relationship of solid state reactivity and the 

structure of organic solids. 

Li et al reported design of thermally stable photoresponsive fluorescent switch 

system on the basis of [2 + 2] cycloaddition-cycloreversion involving diarylethylene and 

tetraarylcyclobutane and demonstrated its application in two-dimensional (2D) and three-

dimensional (3D) optical data storage.
279

 Several similar studies has shown designing 

data storage device utilizing reversible solid state photoreactivity.
80,85

 In addition, several 

other literature reports show successful application of solid state photoreactivity in 

photoactivated molecular switches,
86

 and nanoscale photomechanical actuators.
94

 

Recent literature reports showed that a SCSC reaction becomes possible in 

nanocrystals even if the macro-dimensional crystals of same material do not display 

SCSC photoreactivity.
94,280,281

 Therefore, miniaturization of crystals to nano dimension 

leads to development of functional nanomaterials and this property can be attributed to 

the large surface-to-volume ratio of the nanocrystals leading to efficient stress and strain 

relaxation.
94

 Hence, the mechanical properties of the nanocrystals could be different 
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compared to the macro counterpart as mechanical property is inherently related to stress 

and strain. Therefore, quantifying mechanical properties of nanomaterials is important to 

the context of both science and device application purposes. Moreover, measurement of 

mechanical property will help in determining the allowable operating limit of these 

materials in device applications.
282

 

7.1.3 Mechanical properties of macro and nano organic 

cocrystals in a single crystal transformation 

Our group has previously reported quantification of mechanical properties of 

nano-dimensional cocrystals involving 5-CN-resorcinol and trans-1,2-bis(4-

pyridyl)ethylene (4,4’-bpe).
64

 These cocrystals undergo hardening on SCSC 

transformation. AFM nanoindentation technique has been used to quantify the 

mechanical properties. It has been observed that nanometer sized cocrystals became 40% 

harder on photoreaction.  

Similar type of cocrystals can easily be synthesized by just changing the template 

(5-CN-resorcinol in this case), while keeping the same reactant (4,4’-bpe) to undergo 

[2+2] solid state photo induced transformation.
81

 Herein, we wanted to observe the effect 

of the template in mechanical properties of the nano-dimensional cocrystals. Therefore, 

we report mechanical changes involved in a series of cocrystals involving 4,4’-bpe and 

4,6-di-halo-resorcinol (halo = Cl, Br, I). In this study, we investigated changes in 

mechanical properties of the unreacted cocrystals on changing the template. The effect of 

reactivity on mechanical properties has also been explored. 
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7.2 Experimental details 

The nanococrystals were obtained by precipitation combined with 

sonochemistry. Solutions were filtered through a Millex syringe filter (PVDF, 0.2 μm, 13 

mm) directly into cool hexanes (ca. 0 °C, 225 mL) while exposed to low-intensity 

ultrasonic radiation (ultrasonic cleaning bath Branson 2510R-DTM, frequency: 42 kHz, 

6 % at 100 W). The resulting suspension was sonicated for 1–2 min, filtered, and dried at 

room temperature. 

Nanometer-sized crystalline samples were suspended in hexanes at 0.25 

mg mL
−1

 and then deposited on a freshly cleaved atomically flat mica substrate (V–

I grade, SPI Supplies, Westchester, PA). All AFM studies were conducted using a 

molecular force probe 3D AFM (Asylum Research, Santa Barbara, CA). AFM height 

images and nanoindentation measurements were collected at room temperature using 

silicon probes (MikroMasch, San Jose, CA, CSC37) with a nominal spring constant of 

0.35 N m
−1

 and a typical tip radius of curvature of 10 nm. Force–displacement curves 

were recorded in an organic solvent (n-tetradecane, Fluka). The force curves data were 

used to estimate the Young’s modulus of a crystal by using a rearranged form of the 

Hertzian model.
64,283-286

 The substrate-induced effects on the measured Young’s modulus 

values were negligible here as the height of a nanocrystal (ranging from 50 to 400 nm) is 

more than one order of magnitude larger than typical indentation depth of 3.5 nm. 

Diffraction data were measured on a Nonius Kappa CCD single-crystal X-ray 

diffractometer at room temperature (25 °C) using MoKαradiation (λ=0.71073 Å). 

Structure solution and refinement were accomplished using SHELXS-97 and SHELXL-

97, respectively.
287

 All non-hydrogen atoms were refined anisotropically. Hydrogen 
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atoms associated with carbon atoms were refined in geometrically constrained positions. 

Hydrogen atoms associated with oxygen atoms were calculated in an optimal hydrogen 

bonding geometry. 

7.3 Result and discussion 

7.3.1 Cocrystals under investigation 

In this work we have studied mechanical properties of nano cocrystals of 2(4,6-di-

halo-res)·2(4,4’-bpe) (where 2,4-di-halo-res refers to the 2,4-di-haloresorcinols, 4,4’-

bpe=trans-1,2-bis(4-pyridyl)-ethylene). These nanomaterials undergo [2+2] solid state 

photodimerization in a SCSC manner resulting in a cyclobutane ring (Figure 7.1).
79,81

 Our 

primary goal was to observe mechanical changes involved in both structural changes in 

substituted resorcinol template and the photoreaction. Hence, we used resorcinol template 

substituted with halogen groups as shown in Figure 7.1. Mechanical properties was 

quantified using AFM nano indentation technique and the unreacted samples showed a 

decrease in Young’s modulus and photoreactivity with increasing size of the side chain 

halogen group (Cl, Br and I) in the template. Moreover, photoreaction induced a 

significant decrease of Young’s modulus. 
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Figure 7.1 Photoreaction of cocrystals of 2(2,4-di-halo-res)·2(4,4’-bpe) is shown in the 
figure. The mechanical properties of cocrystals involving Cl, Br and I in the 
side chain of the template has been measured before and after the [2+2] 
photocycloaddition. The nano-cocrystals became softer and less reactive down 
the halogen series. Moreover, photoreaction resulted in softening of the 
cocrystals as well. 

7.3.2 Morphology of the nano cocrystals 

AFM and SEM micrograph of the cocrystals were obtained initially to monitor the 

change in their morphology due to photoreaction. Figure 7.2 shows representative AFM 

and SEM images of 2(4,6-di-Cl-res)·2(4,4’-bpe) crystals both before (Figure 7.2a,b) and 

after (Figure 7.2c,d) the photoreaction. AFM images of the single nanocrystals did not 

show any cracking or fragmentation upon photo-exposure; whereas any cracking or 

amorphous behavior was absent in the SEM image of an ensemble of crystals. Images 

obtained at different sample regions both before and after the photoreaction showed no 
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cracking. Hence, this observation indicates that the photo induced cycloaddition reaction 

have occurred in a SCSC manner.
64

 The general morphology of the unreacted cocrystals 

was similar for the other two samples with 4,6-di-Br-res and 4,6-di-I-res as template. 

Moreover, cocrystals with 4,6-di-Cl-res template have fully reacted on a UV exposure for 

approximately a  week, whereas the reactivity decreased to 60% and 0% when 4,6-di-Br-

res and 4,6-di-I-res were used as template. It is also worthwhile to mention that no 

noticeable change in the crystal morphology has been observed for these two samples 

upon UV exposure and hence they are not shown here. Crystal size of 0.3-1.5 m was 

observed from AFM height images. The height of the crystals typically varied from 80 to 

300 nm. 

 

Figure 7.2 AFM and SEM images of unreacted (a, b) and photoreacted (c, d) cocrystals of 
2(4,6-di-Cl-res)·2(4,4’-bpe) (where 2,4-di-halo-res refers to the 4,6-di-
haloresorcinols, 4,4’-bpe=trans-1,2-bis(4-pyridyl)-ethylene). 



121 

  

7.3.3 Structural effect on SCSC reactivity 

Single-crystal X-ray diffraction study of the millimeter sized cocrystals, 

performed prior to UV exposure showed the self-assembly of resorcinol templates and 

4,4’-bpe through four O-H…N hydrogen bonds. Powder X-ray diffraction studies 

confirmed the structure of the solid. UV exposure resulted in complete conversion to the 

photoproduct using 4,6-di-Cl-res as the template, whereas the reaction goes to 60% 

completion using 4,6-di-Br-res as template. The 2(4,6-di-I-res).2(4,4’-bpe) cocrystal does 

not respond to UV exposure. The structural changes occurred during photodimerization 

reaction of 2(4,6-di-Cl-res)·2(4,4’-bpe) cocrystal are shown in Figure 7.3. Extent of 

photodimerization in all the three samples were controlled by the orientation of the 4,4’-

bpe molecules (π overlap) and the distance between the two C=C bonds in the assembly. 

The distance between two reactive C=C bond in a single assembly was measured to be 

3.82, 4.06 and 4.27 Å when using 4,6-di-Cl-res, 4,6-di-Br-res, 4,6-di-I-res as templates 

respectively. Whereas the geometry of the two 4,4’-bpe molecules were consistently 

face-to-face, the increasing C=C bond separation in a single assembly decreased the 

extent of photoreactivity. According to other reports, this C=C bond separation needs to 

be ≤ 4.2 Å for a solid state photoreaction to be occur.
288

 Therefore, absence of 

photoreactivity in 2(4,6-di-I-res)·2(4,4’-bpe) cocrystals is consistent with the literature. 

Noticeably, AFM images showed retention of overall morphology, indicating SCSC 

photoreaction. X-ray analysis of 2(4,6-di-I-res)·2(4,4’-bpe) cocrystal confirmed SCSC 

photoreactivity and the X-ray parameters are reported in Table 7.1. The β angle changed 

from 99
○
 to 95.8

○
 to account for the tilt in the overall structure due to formation of 4,4’-

tpcb while all the other parameters remaining quite similar after the photoreaction. This 
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analysis has only been done for the 2(4,6-di-Cl-res)·2(4,4’-bpe) cocrystal as the 

photoreaction involving the other two samples does not go to the completion. In the next 

step, we wanted to investigate mechanical changes in all the three different unreacted 

cocrystals. In the last section, mechanical changes due to photoreaction have been 

investigated using AFM nanoindentation technique and structure property relationship is 

inferred. 

Table 7.1 X-ray crystallographic data for unreacted and reacted cocrystals of 2(4,6-di-Cl-
res)·2(4,4’-bpe). 

Space group Unreacted reacted 

a [Å] 8.5903 (10) 8.4640 (9) 

b [Å] 11.8358 (13) 11.7179 (13) 

c [Å] 16.7227 (18) 16.5438 (17) 

α [°] 90 90 

β [°] 99.037 (5) 95.85 (5) 

γ [°] 90 90 

V [Å
3
] 1679.14 (3) 1632.27 (3) 
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Figure 7.3 SCSC reactivity of 2(4,6-di-Cl-res)·2(4,4’-bpe) to form 2(4,6-di-Cl-
res)·2(4,4’-tpcb). 

7.3.4 AFM nanoindentation technique 

Use of AFM nanoindentation technique to measure hardness of nanomaterials like 

thin film and polymers has been previously discussed in literature.
289,290

 Hence, we will 

discuss briefly about the nanoindentation measurement in this report. In a typical 

indentation study an indenter of specific geometry is applied to the surface of inspection 

with a slowly increasing loading force.
291

 The dependence of loading force on indentation 

is controlled by the shape of the indenter. For example, the loading force is proportional 

to the square of indentation, h
2
 for a conical indenter; whereas the load is proportional to 

h and h
3/2

 for cylindrical and spherical indenter respectively.
291

 In our experiment we 

assume our indenter to be spherical. For a spherical indenter, the Young’s modulus is 
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calculated from the force-displacement curve using a rearranged form of Hartzian model 

(eq. 7.1).
283-286
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where F is the loading force and R is the probe’s radius of curvature. Δ and σ in the 

equation represent tip sample separation (indentation) and Poisson’s ratio respectively. 

Hence, linear fit of F
2/3

 vs. Δ plot, Young’s modulus E can be quantified from the slope. 

7.3.5 Young’s modulus of unreacted cocrystals 

Mechanical properties of unreacted cocrystals of 4,4’-bpe and 4,6-di-halo-res 

(halo = Cl, Br, I) were quantified using AFM nanoindentation technique. Initially, the 

nanocrystals were imaged and repeated force-displacement curves (20 force-displacement 

curves at every crystal spot) were collected in at least 10 different spots in each crystal to 

determine the local stiffness. This measurement has been repeated for at least 10 different 

crystals in each sample. Using the Hertzian model described in the previous section, 

Young’s moduli have been quantified from all the force displacement curves recorded. 
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Figure 7.4 Histograms of the Young’s modulus values for 2(4,6-di-halo-res)·2(4,4’-bpe), 
where halo = Cl, Br, I. 

All the Young’s modulus values collected for every sample was plotted in a 

histogram and shown in Figure 7.4. Gaussian fitting of the histogram yielded the average 

values of Young’s modulus for each sample.
64

 The average Young’s modulus values 

were reported in Table 7.2. With the increasing size of the halogen in the template, 

average Young’s modulus was decreasing consistently. The decrease was recorded to be 

~25% by changing the template from 4,6-di-Cl-res to 4,6-di-Br-res, whereas ~70% 

decrease was observed on using 4,6-di-I-res instead of 4,6-di-Cl-res as template. This 

observation shows a direct evidence of the effect of structural changes on the mechanical 

properties. Ultimately, this discovery is important to design functional materials with 

desired mechanical properties. 

7.3.6 Mechanical changes on photoreaction 

In previous section we observed dependence of mechanical properties on the 

structural changes in the unreacted cocrystals. Herein, the solid state photoreactivity has 
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allowed us to examine the correlation of mechanical properties with the extent of 

reactivity. Hence, the unreacted nanocrystals were subjected to UV radiation and the 

progress of the reaction was constantly monitored using NMR spectroscopy. While 4,6-

di-Cl-res based cocrystals has been completely converted to the photoproduct, 4,6-di-Br-

res counterpart has stopped at ~60% conversion. In the next step, mechanical properties 

were measured for these photoproducts. It is worthwhile to mention that the photoproduct 

of 2(4,6-di-Br-res)·2(4,4’-bpe) cocrystals were not separated from remaining unreacted 

material in the sample. Hence, the mechanical properties represents the mixture of ~60% 

reacted and ~40% unreacted sample in this case.  

 

 



127 

  

 

Figure 7.5 Histogram of Young’s modulus of 2(4,6-di-Cl-res)·2(4,4’-bpe) and 2(4,6-di-
Br-res)·2(4,4’-bpe) before and after the photoreaction. 

Table 7.2 The Young’s modulus values for different cocrystals reported with standard 
deviation. 

 Unreacted Reacted 

Cocrystal YM, MPa # crystals % reacted YM, MPa # crystals 

2(4,6-di-Cl-
res)·2(4,4’-bpe) 

360 ± 80 16 100 140 ± 30 25 

2(4,6-di-Br-
res)·2(4,4’-bpe) 

275 ± 70 10 60 220 ± 70 18 

2(4,6-di-I-
res)·2(4,4’-bpe) 

105 ± 35 24 0 125 ± 45(100 h 
of exposure) 

13 
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The values of Young’s modulus determined for all the reacted and unreacted 

cocrystals were comparable with our previous work with similar type of cocrystals
64

 and 

other reported values for protein crystals and macromolecules.
283,292

 The cocrystals were 

observed to become softer on photoreaction. Extent of softening due to photoreaction and 

solid state photoreactivity decreased gradually with the increase in the size of the halogen 

in template side chain. Hence, finding the correlation of mechanical properties with the 

reactivity opens a new door to study structure-mechanical properties relationship of 

nanocrystals of different kinds. Ultimately, we want to reach a point where we can 

predict reactivity with the knowledge of the mechanical properties of a nanocrystalline 

material. Another important observation that cocrystals provide ample flexibility in terms 

of mechanical properties and reactivity of the materials can be utilized to design novel 

functional nanomaterials with controlled stiffness. 

7.4 Conclusions 

In conclusions, AFM nanoindentation has been used to study template dependent 

changes in mechanical properties of nanocrystals that undergo a SCSC 

photodimerization. Substitution of halogen functional group in the template affected the 

effective distance between two reactive C=C groups in the assembly. This substitution 

has significantly affected the extent of solid state reactivity and mechanical properties of 

the unreacted cocrystals. Herein, it should be realized that this type of substitution in the 

template will easily provide a better control in mechanical properties of functional 

nanomaterials, potentially usable for device application. Photoreaction caused softening 

of the nanocrystals in contrast to hardening observed in our previous work with 

nanometer sized cocrystals of 2(5-CN-res).2(4,4’-bpe).
64

 Therefore, we state that the 
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trend in mechanical properties as a function of photoreactivity is highly material specific 

and several other reactive nanocrystals need to be studied to structurally justify hardening 

and softening behavior due to photoreaction. Moreover, changes in the halogen group 

inherited noticeable difference in the changes in mechanical properties due to 

photoreaction (60% decrease for 4,6-di-Cl-res as template compared to only 20% for 4,6-

di-Br-res) of the photoproduct. We expect these observation and future work on 

quantifying mechanical properties of several other nanocrystalline materials will 

ultimately enable us to completely understand the correlation of mechanical properties, 

solid state reactivity and structural changes in nanocrystals. 
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CHAPTER 8 

PHOTOPATTERNING OF A TWO-COMPONENT SMALL-

MOLECULE THIN FILM DERIVED FROM REACTIVE HYDROGEN-

BONDED CO-CRYSTALS 

8.1 Introduction 

Thin films of organic molecules are of great interest as materials for organic light-

emitting diodes (OLEDs), transistors (OTFTs), memory devices, and sensors.
293-298

 

Whereas methods to control the compositions and bulk properties of organic thin films 

typically rely on conventional covalent synthesis to form and modify molecules that 

comprise a film,
299,300

 supramolecular approaches wherein the fabrication and properties 

of a film are governed by assembly processes involving two or more molecular 

components have received less attention.
301,302

 A recent supramolecular assembly 

approach to thin films has involved combining block copolymers with small molecules 

via hydrogen bonds, which has controlled surface porosity and patterning.
303

 A related 

study on combining, or blending, two block copolymers via hydrogen bonds has also 

been employed to form nanoporous films with addressable arrays.
304

 A supramolecular 

approach to thin films is attractive not only owing to an ease with which organic 

functionality can be incorporated and tuned into a film via component substitution, but 

also offers access to properties of a film that may, otherwise, not be accessible from an 

individual component. 
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8.2 Design and photoreactivity of the thin film and its 

potential application 

Here, we report a supramolecular approach to form and achieve control of optical 

patterning of an organic thin film based exclusively on small molecules. The design of 

the thin film is based on directing [2+2] photodimerizations in two-component organic 

solids, or co-crystals.
305

 The use of co-crystals to assemble olefins in solids to undergo 

photodimerization,
81,306

 as well as control other bulk physical properties (e.g. porosity, 

optical),
307

 is gaining much attention. In particular, we have demonstrated that co-

crystallization of resorcinol (res), and derivatives (e.g. phloroglucinol or phgl), with 

pyridyl-functionalized olefins (e.g. 4,4’-bpe) affords zero dimensional (0D), or discrete, 

hydrogen-bonded supramolecular assemblies wherein stacked carbon-carbon double 

(C=C) bonds are preorganized for photoreaction (Figure 8.1).
81,305,308,309

 During 

experiments to study chemicophysical properties of our co-crystals, we have discovered 

that, despite relatively small changes to molecular structure,
81

 there exist significant 

differences in solubilities of the solids before and after photoreaction. Given that 

differential solubilities in chemical reactions are exploited to pattern thin films, we turned 

to determine whether the co-crystals can be used as starting points to develop reactive 

thin-film materials.
310,311

 Reactive two-component films of poly(4-vinylpyridine) and 

polydiacetylenes have afforded films that generate microstructures by 

photolithography.
303

 Hydrogen bonds stabilized the diacetylenes within the condensed 

environment. Moreover, to our knowledge, the only example of a thin film involving a 

co-crystal is the ferroelectric (phenazine)·(chloranilic acid).
312

 We demonstrate that long-

chain alkylation of a hydrogen-bond-donor component in the form of hex-phgl influences 
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component deposition to generate a highly-uniform film that supports optical patterning 

of well-defined microstructures (Figure 8.1).
313

 In particular, a decrease in solubility 

following the cycloaddition is exploited wherein a masked area of the unreacted film is 

removed post reaction via dissolution and, thereby, serves as a negative photoresist. 

 

Figure 8.1 Co-crystals for reactive thin films involving res, hex-phgl, and 4,4’-bpe. 
Modified hex-phgl achieves thin film. Spatial exposure to UV light enables 
lithography (orange = unreacted; green = reacted)  

In our initial studies, we attempted to generate a thin film of the parent co-crystal 

2(res)∙2(4,4’-bpe). Solubility experiments in acetonitrile and related polar organic 

solvents revealed the solid prior to photoreaction to be moderately soluble (1.92 mg/mL). 

The cycloaddition, however, afforded a material that was markedly less soluble (0.08 

mg/mL). Moreover, the co-crystal effectively underwent a 24-fold decrease in solubility 

upon photoreaction. Whereas changes in solubility based on [2+2] photodimerizations 
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have been reported for polymers,
304,314

 we are unaware of an example involving small 

molecules in the crystalline state. 

8.3 Method optimization 

To prepare a thin film of 2(res)∙2(4,4’-bpe), we performed slow solvent 

evaporation and spin coating experiments on glass as a substrate. Both methods, 

however, afforded particles of sizes and morphologies that did not support a film. Solvent 

evaporation generated various interesting structures but none of them resulted in thin film 

with reasonable roughness (Figure 8.2). AFM images from spin coating (1 min, 1000 

rpm) revealed particles ca 2 to 5 μm in diameter that were spatially separated on the order 

of 10 μm (Figure 8.3a). Several attempts to form thin films by varying solvent and spin 

coating rate invariably afforded larger particles. Hence, this observation indicates 

necessity of optimizing chemical components along with the procedure optimization, 

such as spin coating conditions. 

 

Figure 8.2 Morphology of thin film trials with (a) res and 4,4’-bpe dissolved in iPrOH at 
12 mg/ml with spin coating speed of 1000 rpm for 1 minute and (b) res and 
4,4’-bpe dissolved in 1:1 mixture of di-Cl benzene and iPrOH and the 
morphology is obtained by slow evaporation.  
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For the components of 2(res)∙2(4,4’-bpe) to be more amendable to form a uniform 

thin film, we turned to selectively vary one of the small-molecule components. In 

particular, we expected that attachment of a long alkyl chain to the backbone of a res 

could improve molecular ordering by promoting inter-chain van der Waals forces.
314

 An 

alkyl chain substitution along the hydrogen-bond-donor would not only support the 

formation of a thin film but also enable the molecular structure of 4,4’-bpe to remain 

intact and, thus, the intended reactivity to be retained in the condensed environment.
313,315

  

 

Figure 8.3(a) AFM height image of res and 4,4’-bpe from spin coating showing micro-
particles, (b) uniform film involving hex-phgl, (c) ATR-IR spectra of thin film 
and co-crystal of 2(hex-phgl)∙2(4,4’-bpe).  

Following several trials with various hydrogen-bond-donors, chain-substituted 

hex-phgl and 4,4’-bpe were determined to yield a uniform film. The phgl organizes 4,4’-

bpe in the bulk solid 2(hex-phgl)∙2(4,4’-bpe) for a photodimerization to give 4,4’-tpcb.
309
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To form a film, a solution of hex-phgl and 4,4’-bpe (total concentration of 9 mg/ml, 1:1 

molar ratio) in isopropanol and 1,3-dichlorobenzene (50:50 v/v) was spin coated onto 

glass. In contrast to res and 4,4’-bpe, the spin coating produced a thin film of a highly-

uniform morphology. AFM images revealed a film of ca 20 nm roughness within an 80 

μm x 80 μm sample region (Figure 8.3b). Uniform films with thicknesses between 70 and 

80 nm could be routinely prepared. An IR spectrum of the film deposited on an ATR 

crystal supported the components to assemble via hydrogen bonds (Figure 8.3c). In 

particular, a broad peak with several subsidiary minima in reflectance intensity was 

present in the range of 2200-3200 cm
-1

 of both the thin film and bulk co-crystals which is 

consistent with (phenol)O-H∙∙∙N(pyridine) forces.
316

 Similar peaks were not present in 

samples of pure individual components. 

8.4 Characterization of solid state reactivity of the thin film 

Reactivity properties of the thin film were next studied. Two films of similar 

thickness were spin coated onto glass. One film was exposed to ultraviolet (UV) light for 

a period of ca 20 h. Importantly, a sharp contrast in dissolution was determined when 

each film was suspended in a mixture of pentane and ether (2:1 v/v). Whereas the film not 

exposed to the UV light dissolved within seconds, greater than half of the exposed film 

remained after 90 s of washing (Figure 8.4). A significant decrease in solubility of the 

film was, thus, realized following exposure to the UV light. 
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Figure 8.4 Graph showing changes in thickness of the photoreacted thin film normalized 
to the initial thickness plotted as a function of washing time in a mixture of 
pentane and ether (2:1 v/v).  

We attribute the decrease in solubility to a photodimerization of 4,4’-bpe that 

generates 4,4’-tpcb. The extent of photoreaction has been characterized using three 

different spectroscopic techniques, such as, 
1
H NMR, Mass spectroscopy and STXM. 

Initially, mass spectrometry performed on samples of 4 unreacted thin films (Figure 8.5) 

and 4 reacted films (Figure 8.6). The samples were dissolved in methanol to form a stock 

solution. From the stock solution 30 μL was diluted with 1:1 water: acetonitrile with an 

additional 0.1 % formic acid solution. The peak at 183 au in the mass spectrum of the 

unreacted thin film is consistent with a monoprotonated 4,4’-bpe molecule. The peak at 

239 au is consistent with the monoprotonated hex-phgl. After irradiation, a new peak at 

365 au appears in the spectrum, consistent with a monoprotonated 4,4’ tpcb. The 

appearance of the peak demonstrates a photodimerization occurs in the thin film upon 

exposure to UV light. The base peak after reaction at 183 au is likely due to unreacted 

4,4’-bpe and/or diprotonated tpcb, which have equal mass to charge ratios. 
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Figure 8.5 ESI mass spectrum of films containing 4,4΄-bpe and  hex-phgl before UV 
exposure.  



138 

  

 

Figure 8.6 ESI mass spectrum of films of 4,4΄-bpe and hex-phgl after 20 hours of UV 
exposure.  

To collect a 
1
H NMR spectrum, 80 thin films were exposed to UV irradiation for 

20 hours (Figure 8.7).  The reacted thin films were concentrated into a single sample by 

dissolving each thin film in ethanol and combing the samples. From our previously 

reported result we know the peak at 4.7 ppm is from the cyclobutane moiety of the 

photoproduct.  The peaks at 8.6 and 8.3 ppm are from the α-hydrogens on the pyridines.  

The ratio of these peaks suggests approximately a 50% photoreaction in the thin films. 
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Figure 8.7 
1
H-NMR spectrum of (4,4’-bpe)·(hex-phgl) after UV irradiation 

A direct characterization of the reactivity of the film using scanning transmission 

X-ray microscopy (STXM)
31,58,135,173,199

 and near edge X-ray absorption fine structure 

(NEXAFS) spectroscopy
317

 was consistent with a photodimerization of 4,4’-bpe (Figure 

8.9).
144

 For these experiments, thin films were prepared on a Si3N4 membrane (Silson 

Ltd., England) and exposed to UV radiation. STXM images of the unreacted and reacted 

films revealed morphologies nearly similar to those imaged using AFM (Figure 8.8). Two 

signatures for unreacted C=C bonds were present in the C K-edge NEXAFS spectra at 

284.6 eV and 285.8 eV, with the former being assigned to 1sπ* transitions for the 

olefinic C=C bond.
318,319

 A comparison of the C K-edge spectra of the reacted and 

unreacted films revealed a relative decrease in the C=C bond of 4,4’-bpe (284.6 eV) upon 

exposure to the UV light, which is consistent with cyclobutane formation (Figure 8.8a).
81

 

Moreover, the absorbance for two C=C transitions (aromatic and non-aromatic) needs to 

be separated in order to quantify the extent of photodimerization reaction accurately.  A 

Gaussian fit has been applied to the two transitions for aromatic and non-aromatic C=C 
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with the peak maxima and normalized absorption reported in Table 8.1, and the width of 

the peaks has been obtained for the unreacted thin film. Same peak width and peak 

maxima for both the transitions are used to fit the spectra of reacted thin film and the 

normalized absorbance for both the transitions is obtained.  Provided that the width of 

both the peaks are held constant for unreacted and reacted thin film, the extant of 

photoreaction can be obtained directly from the change in normalized absorbance of the 

non-aromatic C=C at ~284.6 eV.  The value for extent of reaction was observed to be ~ 

50% using this method and was consistent with the NMR data.
58

 

Table 8.1 Gaussian fit parameters for thin film NEXAFS spectra (Figure 8.8b) 

Gaussian Peaks Parameters Unreacted thin film Reacted thin film 

Peak 1: Non 
aromatic C=C 

Normalized absorption 0.6718 0.3262 

Peak maxima, eV 284.52 284.52 

Width, eV 0.5226 0.5226 

Peak 2: 
Aromatic C=C 

Normalized absorption 1.23 1.4854 

Peak maxima, eV 285.8 285.8 

Width, eV 0.5662 0.5662 
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Figure 8.8 STXM images of 2(hex-phgl)·2(4,4’-bpe) prepared on a Si3N4 membrane (a) 
before and (b) after the UV exposure. The NEXAFS spectra were collected on 
the same region of this thin film.  

 

Figure 8.9(a) C K-edge NEXAFS spectra of the thin film prepared on Si3N4 window 
using the same conditions. (b) Narrower energy range of the C K-edge spectra 
showing two different transitions for aromatic and nonaromatic C=C at 285.8 
and 284.6 eV. The coupled Gaussians fit (dotted line) of the spectra performed 
to calculate extent of reaction, ca 50%, which is consistent with the result 
obtained using NMR.  

8.5 Photolithography on the thin film 

The reactive film was next used for photolithography. In the experiment, a surplus 

chrome waveguide photomask was used to project a grating pattern of alternating 4 µm 

bars onto the film surface. The mask was placed directly onto the film, with the UV light 

source being positioned above the surface. Following exposure to UV radiation (15 min), 
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the film was developed with a mixture of pentane and ether (2:1 v/v). The film has been 

washed stepwise and AFM height image is obtain in every 15 seconds of washing. From 

AFM height imaging, each wash resulted in gradual removal of unreacted solid, which is 

consistent with the small-molecule components functioning as a negative photoresist 

(Figure 8.10).
320,321

 The darker and brighter regions correspond to unreacted and reacted 

material, respectively. Complete removal of unexposed solid was achieved in as little as 

60 s. 

 

Figure 8.10 AFM images of micron stripes from photoresist of the two-component thin 
film based on hex-phgl and 4,4’-bpe (area: 80 µm x 80 µm). Washing times: 
(a) 0 s, (b) 30 s, (c) 45 s, and (d) 60 s. 

Thicknesses of the films were next quantified from cross-sectional analyses of the 

patterns using the AFM scratch method.
322

 Prior to photoreaction, the films exhibited 
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thicknesses on the order of 70 nm. Increasing washing times resulted in decreasing 

thicknesses while height variation between the exposed and unexposed regions increased 

(Figure 8.11). Following 60 s of washing, the width of the vertical stripes was 4.5 µm 

while the unexposed material was completely removed reaching the glass substrate 

(Figure 8.11a). Height differentials between crests and troughs stripes varied from 30-35 

nm could be readily imaged (Figure 8.11b). The sharp features of the film confirm 

applicability of the co-crystal as an efficient photoresist. Given the modularity of the 

approach, varied combinations of small molecules are expected attractive for thin-film 

formation. 

 

Figure 8.11 Cross-sectional height profiles of thin film 2(hex-phgl)∙2(4,4’-bpe) exposed 
to UV light at different washings: (a) direct measurements and (b) AFM 
image. Orange = exposed and dissolved area; Green = reacted area.  

8.6 Conclusion 

In conclusion, we have reported a reactive organic thin film based on a co-crystal 

that involves two small-molecule components. The film has been developed for 

photolithography wherein the product of an intermolecular [2+2] photodimerization 
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exhibits a significant decrease in solubility. We envisage that different combinations of 

small-molecule components may be developed to prepare reactive films with tunable 

physical and chemical properties. 
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CHAPTER 9 

SUMMARY AND FUTURE WORK 

9.1 Summary 

The effect of atmospheric particles on earth climate is controlled by their 

hygroscopic properties, density, elemental composition etc. Therefore, we have designed 

several new methodologies to quantify these properties on a single particle basis. 

Hygroscopic properties of atmospherically relevant inorganic particles, such as, NaCl, 

NaBr and NaI have been quantified using STXM. A unique model combining Beer’s law 

and the formula of the ellipsoid (Particle shape assumed to be an ellipsoid) has been 

developed to calculate mass of water in a single particle basis. We anticipate the 

approach will be especially useful for quantitative studies of the spatially resolved 

hygroscopic properties of aerosols with complex chemical mixture. Moreover, 

atmospheric aerosols are often found to be a complex mixture of organic and inorganic 

chemical species. Therefore, we have studied the effect of organic acids on the 

hygroscopic properties of NaCl. Interestingly, the hygroscopic properties of the two 

component mixture samples are not a simple linear combination of the hygroscopic 

properties of the single chemical components. Hence, we have shown that the 

environmental effects of particles consisting of NaCl and organic acids will be 

significantly different from that of the pure NaCl particles.  

The density and chemical composition of these submicrometer particles are 

another two parameters which need to be quantified to completely understand and predict 

the atmospheric effects of the aerosol particles. A unique combination of AFM and 

STXM resulted in a model capable of quantifying the density and elemental composition 
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of unknown samples. Moreover, the lower density of all the samples compared to the 

bulk density suggests porosity of the particles. This method can potentially improve the 

prediction of density and composition dependent atmospheric effects significantly.  

Moreover, atmospheric fate of any aerosols particles depends on the RH. 

Depending on the RH, the particles can go through various chemical transformations, 

resulting in altercation of the atmospheric effects. Herein, we studied a keto-enol 

tautomerism reaction occurring in deliquesced malonic acid particle, which is completely 

absent in the bulk solutions. Using absorbance of different peaks in NEXAFS spectra, we 

have developed a method to calculate the equilibrium constant of the tautomerism 

reaction. The equilibrium constant was observed to be RH dependent. This observation in 

deliquesced malonic acid particles suggests the existence of unique characteristic of 

materials in submicrometer particles, which is otherwise not observed in the bulk. 

Moreover, this particular observation will be significantly useful to study the total 

concentration of Secondary Organic Aerosols (SOA) and their corresponding 

atmospheric effects. 

In the latter half of the work, mechanical properties and device application 

potential of organic nano-cocrystals are studied. Organic nanocrystals capable of 

undergoing solid state photochemical changes in a single-crystal-to-single-crystal (SCSC) 

manner have been particularly important in fabricating molecular switches, data storage 

devices etc. Mechanical properties of these nanomaterials may control its SCSC 

reactivity. In addition, investigation of mechanical stiffness is important to define 

allowable limit of stiffness towards device application. Therefore, we studied mechanical 

properties of series organic nano cocrystals primarily consisting of trans-1,2-bis(4-
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pyridyl)ethylene and substituted resorcinol using AFM nanoindentation technique. 

Dependence of mechanical properties and SCSC reactivity on the size of halogen in the 

resorcinol structure is observed in this work. Moreover, photolithography on the thin film 

of these organic cocrystals has been performed to demonstrate its applicability as a 

photoresist.  

9.2 Future directions 

We have demonstrated novel use of chemical and mechanical microscopic 

techniques to quantify several physicochemical properties of nanomaterials. Different 

future directions involving understanding of physical properties of different 

nanomaterials are proposed in the following section. 

9.2.1 Composition dependent hygroscopic properties of 

environmental particles 

All of our work on quantification of hygroscopic properties involved laboratory 

generated particles. The atmospheric particles generated from various source such as 

biomass burn, phreatomagmatic eruptions etc. consist of complex mixture of organic and 

inorganic materials and often show compositional difference on a particle to particle 

basis. In this context, the quantification of elemental composition on a single particle 

basis utilizing NEXAFS spectra will be important to predict the environmental effects of 

each of the particle. Subsequent quantification of hygroscopic properties on a single 

particle basis will then allow us to observe the effect of each of the chemical component 

on the hygroscopic properties. Moreover, NEXAFS and micro-FTIR spectroscopy will 

also be utilized to examine possible chemical changes as a function of RH. 
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Mixing state of these particles is another interesting property to observe. The 

mixing of chemical component could be different on a particle to particle basis. 

Therefore, single particle studies are required to explore the mixing state. Hence, 

principle component analysis in STXM will be used for chemical mapping of these 

samples. Then, using the NEXAFS spectra of different sample region, the spatially 

resolved elemental composition will be quantified. Moreover, evolution of different 

sample region as function of RH will be observed to correlate the composition 

dependence of hygroscopic properties. 

Ultimately, we anticipate the proposed studies will significantly improve the large 

uncertainty in overall negative radiative forcing by atmospheric aerosols. All the studies 

reported in this work involve laboratory generated particles. Therefore, we want to 

implement our novel methods in quantifying physicochemical properties of fine particles 

towards the field samples in the next step. 

9.2.2 Structure-property relationship of nanometer 

dimensional cocrystals 

Mechanical properties of nanomaterials may control their solid state SCSC 

reactivity. It is obvious that reactivity of the cocrystals depend on the structure of the 

material under investigation. We believe mechanical properties of these materials can 

also be a controlling factor in SCSC reactivity. Therefore, we are performing 

measurement of mechanical properties on several nanometer dimensional cocrystals in 

order to understand structure and mechanical property relationship. In all the Young’s 

modulus measurement performed in our research involved 4,4’-bpe as the reactive center 

in the cocrystals. In future, we will study similar mechanical changes in photoreactive 
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materials involving several other reactive molecules listed in Scheme 9.1. These 

materials can form cocrystals with resorcinol template. The reactivity and mechanical 

changes on photoreaction will be measured for these cocrystals. Moreover, some of these 

molecules (e.g., 1,4-bpeb, 1,4-bpbd, and 1,6-bpht) have multiple reactive centers. 

Therefore, it would be interesting to study mechanical changes due to photoreaction in 

each reactive center. In addition, template dependent mechanical properties of these 

materials will also be explored. These studies will ultimately improve our understanding 

on molecular structure and mechanical properties relationship. 

 

Figure 9.1 Materials capable of undergoing solid state photoreaction in a cocrystals with 
resorcinol template. 

6.2.3 Conductive thin film and its device application 

We have already demonstrated that cocrystal assembly of substituted resorcinol 

and 4,4’-bpe can be used to fabricate a thin film. Photolithography on the thin film 

showed its potential application as a photoresists. In our previous work, we have 

observed electrical conductivity in several other nanometer dimensional cocrystals. 

Hence, we will attempt to form thin film of these materials in future. Photolithography on 
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these thin films can potentially form conductive nanowires. Moreover, we hope to 

demonstrate the use of these thin films in field effect transistors (FETs). 
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