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ABSTRACT

Silica aerogels are three-dimensional assembliegicé nanoparticles with
extremely low densities. In some instances, thermal void volume is more than 90% of
the total volume. The highly porous structure & #erogels leads to attractive properties
for thermal and noise insulation, due to very Itvertnal conductivity and very high
acoustic impedance. The strength of silica aerdmdsbeen substantially improved by
casting a thin conformal polymer coating over thre internal porous surfaces of the
nanostructure. The coating reinforces the inteigdarctonnections without significantly
compromising the internal void space.

To analyze and compare the properties of sevegpaeight polymer-crosslinked
silica aerogels, spatially resolvégdandT, relaxation studies were conducted. The
polymer-crosslinked aerogels were precision-machinesnugly fit into the lower parts
of standard NMR tubes. A mixture of equal amourtscetone and deuterated acetone
was used as the liquid to fill the void volume lné taerogels. Spin-echo and saturation-
recovery relaxation sequences were used as parstahdard one-dimensional gradient-
recalled echo imaging sequence. For comparisoivena¢rogels without the polymer
coating were examined with the same pulse sequeBeeause of the fragile
nanoparticle network, native gels could not be nrezhbut were generated directly
inside the NMR tubes. The porosity of the gels determined using the relaxation
profiles. The relaxation times were found to hawgaificant dependence on the coating
polymer and also on the formation process of tmegets. In addition, the relationship

between the pore size and relaxation time wasaalabyzed.
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1. INTRODUCTION

1.1. NMR

Nuclear magnetic resonance (NMR) is a spectrosdeplmique that utilizes the
magnetic property of nuclei to analyze compoundgcl®&l that possess a magnetic
moment can be studied using NMR [1, 2, 3]. The earcimagnetic moment, is a result
of the intrinsic angular momentum of the nucldisThe nuclear magnetic moment and
angular momentum are proportional to one anotlseindicated by Equation 1. The
proportionality factory, is called the magnetogyric ratio and is specdithe nuclide

being studied.

p=yP 1)

The angular momentum of a nucleus is quantizedcande determined from the
angular momentum quantum numbdensyhich is also known as the nuclear spin.
Equation 2 illustrates the relationship betweennmh@ear angular momentum and the
nuclear spin, wherk = h/2z andh is Planck’s constant. Nuclear spin is due to urgghi
protons and neutrons in the nucleus of an atoimkihown to have half-integer values up
to 6, thus values of nuclear spin can be 0, %2,%, é&tc. A nucleus with a nuclear spin of
zero has no magnetic moment and cannot be obsesuegl NMR.

P=JIU+Dhnh (2)

When no external magnetic field is present theearanagnetic moments,
commonly referred to as spins, are randomly orgéritbese spins all have the same
energy and occupy the same energy level. Whenutleirare introduced to an external
magnetic field the spins align in a finite numbépoentations relative to the applied
field. Each of these orientations correspondsdufarent energy level. The number of
possible orientations is determined by the magmptantum number. The magnetic
guantum number is related to the nuclear spin,fgavalues from to 4 (e.g.m =1, I -

1, ..., 4). Therefore, nuclei with a nuclear spin of ¥z thas can have two possible



orientations, ¥ and -%; for larger values of nuckgan there are more possible
orientations. Nuclides such #4 and**C are commonly studied using NMR and have a
nuclear spin of %2. When introduced to an exterredmetic field, these spins align either
in the direction of the field or against the fi@ldd precess about the magnetic field [1, 2,
3, 4]. The frequency of this precession, calledLttvenor frequency, is proportional to
the applied magnetic field. Equation 4 illustrates relationship between the applied

magnetic field By, and the Larmor frequency,, of a specific nuclide.

B
A% % (4)

The ratio of the number of spins in the upper epéggel, N;, to the number of
spins in the lower energy level,Ns described by Boltzmann statistics [1, 5] asvain
in Equation 5, wherk is the Boltzmann constant. The ratio of spinsegathdent on the
difference in energy between upper and lower enkenggls,AE, and the absolute

temperatureT.
AE
we = exp(—5) ©)

At room temperature the levels have near equal pppulations with a small
excess in the lower energy state, corresponditiget@lignment along the direction of the
applied magnetic field. This population differemesults in a net magnetic moment
along the applied magnetic field, also referreddmet magnetization. Figure 1.1 shows a
classical representation of the nuclear spinsgor % nuclides in the presence of an
applied magnetic field and the resulting net magmabment. The energy level
separation in combination with the population di#fece makes it possible to study
molecules with NMR.

NMR is generally used for structural analysis ajanic compounds [1, 6]. A
simple one pulse experiment can be used to yialdtsiral information; in this type of
experiment the sample is irradiated with a radapiency pulse and the resulting signal is
then collected. The radiofrequency pulse affeatssiiin state and phase coherence of the



nuclides [1, 7, 8]. A change in spin state occgra asult of a change in energy of a spin
system induced by a radiofrequency pulse; for a 8pnuclide this would be a transition
from alignment with the applied field to alignmegainst the applied field, or the
reverse process. Application of a radiofrequendgealso causes the spin phases to
become synchronized. Figure 1.2 illustrates thesotal representation of this where the
spins bunch together, a condition known as phalereace. When the spins become
coherent there is a net magnetization, coherengmetiaation, precessing in the xy-

plane.

precession

/ f
Z
external net

magnetic \\[/[// magnetic
field If moment

/ , ‘ / y
/N

'

Figure 1.1. Classical representation of spin “4ides in the presence of an external
magnetic field and the resulting net magnetic mamen

For the purpose of understanding most NMR experisigiis generally sufficient
to look at the net magnetization. We will abandocus on the individual magnetic

moments involved and look at the net magnetizaiging the vector model in the



rotating frame of reference. In the vector modw, tectors represent the net
magnetization in the coordinate axis. However, inglkat the net magnetization as a
vector is still complex due to precession of then®ization about theaxis. A
reasonable solution is to apply the vector modal totating frame of reference instead
of a stationary coordinate axis. In the rotatiragrie the coordinate axis rotates about the
z-axis at the Larmor frequency [3]. As a result, megtgzation that is precessing at the

Larmor frequency appears stationary in the rotaftiame.

precession

N

external
magnetic
field

precession

Figure 1.2. Classical representation of phasereoice caused by the application of a
radiofrequency pulse on spin %2 nuclides and thagtieg net magnetization

Figure 1.3 is a diagram of a standard one pulse NMeriment and the resulting
net magnetization throughout the experiment. THegpsequence begins with a time
delay, d1. This delay is necessary for the spitesys$o achieve thermal equilibrium

before applying the 90° pulse. If the delay is sbort the signal intensities may not be



detected at all or will be reduced and quantitasimelysis will not be possible. At
equilibrium the net magnetization of the sampldiiscted along the axis of the main
magnetic field; this is designated as trexis. The sample is then irradiated with a
radiofrequency pulse, referred to as a pQlse. This pulse rotates the magnetization by
90° about the-axis; the resulting net magnetization lies aldmgdirection of theg-axis.

In the absence of a radiofrequency pulse the megtien will precess about theaxis

of the applied magnetic field.

90°,

di

aq

Figure 1.3. Standard one pulse NMR sequence anekgulting net magnetization
throughout the experiment

Precessing magnetization in tkeplane induces a current in the receiver coil [4,
5, 8]; the induced current is monitored as a funmctf time. The detected signal

oscillates as a function of the precession of #tenmagnetization and decays as the



ensemble of spins return to thermal equilibriume Tésulting signal is called a free
induction decay (FID). This time dependent datidén transferred to the frequency
domain by Fourier transformation. The precessieguency is directly proportional to
the magnitude of the magnetic field, as can be seBquation 4. Thus precession
frequencies of 1 Hz, 2 Hz, and 3 Hz in a given negigrfield would have precession
frequencies of 2 Hz, 4 Hz, and 6 Hz in a magneid fwith twice the strength. This
makes comparison between data obtained at diffenaghetic fields problematic.
Therefore, the frequency scale is generally changedchemical shift scale in parts per
million (ppm) relative to the resonance frequentyg standard resonance [2, 3].
Equation 6 illustrates how the chemical shiftis determined for a given resonance
frequencyy, wherev is the resonance frequency of the standard. Fedops the
resonance frequency of protons in tetramethylsi{@hS) is used as the reference, thus

has a chemical shift of O ppm.

§ = 10°0vrer) (6)

Vref

The process of the collection of precessing sgtigning to thermal equilibrium
is referred to as relaxation. Relaxation of thesmiccurs by way of two processes, spin-
lattice relaxation and spin-spin relaxation [1539]. Spin-lattice relaxation is a measure
of the rate of interconversion between spin statesstore the equilibrium
magnetization. Spin-spin relaxation is a measutbé®fate of the loss of phase
coherence by the spins.

1.1.1. Longitudinal Relaxation. Recovery of the longitudinal magnetization, the
component parallel to the applied field, is refdrte as longitudinal relaxation or spin-
lattice relaxation. This process is quantified by time constant;, known as the
longitudinal relaxation time constant or spin-kegtrelaxation time constant.

The longitudinal relaxation time constant is geftgraeasured using an
inversion-recovery pulse sequence [1, 4, 5]. Fidudediagrams a typical inversion-
recovery pulse sequence used to measure longitudia&ation in addition to the
resulting net magnetization throughout the expentmgéhe pulse sequence begins with a

time delay, d1, to ensure the magnetization oktraple is at thermal equilibrium before



beginning or repeating the pulse sequence. A 80Se is then applied which rotates the
net magnetization 180° about tkaxis, thus inverting the magnetization resultingi

net magnetization directed along the negatiagis. During the relaxation delay,the
spins begin to relax back to their equilibrium stak 90, pulse is applied to place the
partially recovered magnetization into thyeeplane to allow for measurement of the

signal.

180°, 90°,

dl T

/ 90°,
o
Y
aq y / y
X X

Figure 1.4. Inversion-recovery pulse sequencetlaadesulting net magnetization
throughout the experiment




Using the inversion-recovery pulse sequence, ladgitl relaxation can be
monitored by performing a series of measurement#fatent relaxation delay times.
After short relaxation delays the net magnetizaisonegative; as the time allowed for
relaxation increases the net magnetization becéesssegative until it disappears
completely. Further increasing the relaxation detseals continued relaxation of the
spins; the net magnetization becomes positive mer@ases as the relaxation delay is
increased. This is shown in Figure 1.4 after thaxedion delay, where the black to light
gray components indicate a range of short to |efaxation delays.

Figure 1.5 displays typical results obtained framiravzersion-recovery
experiment; this includes a series of data colteatevarious relaxation delays in addition
to a plot of the signal intensity versus the retexadelay. The signal intensity begins as
a negative intensity due to the initial inversidrite magnetization. As the delay time is

increased the negative signal intensity is redasgtla positive signal emerges.
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Figure 1.5. Typical results from an inversion-neexy experiment



The relaxation of the longitudinal component of metigation is exponential in
nature. The relationship between the relaxatioayje| and the signal intensitl), is
described by Equation 7 [1, 5, 9]. Héfig is the signal intensity at a relaxation delay of
zero. Based on this relationship, the longitudretdxation time constanty, can be
determined by plotting the signal intensity at was relaxation delays as shown in Figure
1.5.

M=M(1- 2e‘T/T1) 7)

Another common method of measuring the longitudiakxation time is by
using a saturation-recovery pulse sequence. Filyérdiagrams a typical saturation-
recovery pulse sequence as well as the resultingnagnetization throughout the
experiment. After the initial delay, d1, there ikag series of radiofrequency pulses,
called a pulse train, with short delays in betweach pulse. These pulses are generally
90° or less, and the delays can all be the samari@d to optimize the saturation. After
the pulse train, the sample has no net magnetizatd the spin system is said to be
saturated. During the relaxation delaythe spins begin to relax back to their equilibriu
state. In contrast to the inversion-recovery psklguence, the magnetization is never
negative in a saturation-recovery experiment. there is no relaxation delay, there is
no signal because the spins are saturated and igoveéme to relax. As the relaxation
delay is increased the signal intensity increagisplaying recovery of the magnetization
towards equilibrium. This is illustrated in Figutes after the relaxation delay; the black
to light gray components correspond to a rangéoftgo long relaxation delays. A 90°
pulse is then applied to place the recovered magtiein into thexy-plane to allow for
measurement of the signal.

The relationship between the relaxation delay &edsignal intensity for a
saturation-recovery experiment is described by Egua [1, 5, 9]. Using this
relationship, the longitudinal relaxation time ctam can be obtained from a plot of the
signal intensity versus the corresponding relaxatiime.

M = M, (1 - e‘T/Tl) (8)
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pulse train 90°,

/ pulse 3
/ y train y
A
X X

90°,

aq / y X/ y

Figure 1.6. Saturation-recovery pulse sequencdtancesulting net magnetization
throughout the experiment

Similar to the inversion-recovery pulse sequenbgiaing a series of
measurements at different relaxation delay timeh thie saturation-recovery pulse
sequence allows observation of longitudinal rel@xatFigure 1.7 shows typical results
obtained from a saturation-recovery experiment. digeal intensity begins at zero due

to the initial saturation and increases as thexatian delay time is increased.
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Figure 1.7. Typical results from a saturation-reay experiment

1.1.2. Transverse Relaxation. Decay of the transverse component of the net
magnetization, the component perpendicular to itextion of the applied field, is
referred to as transverse relaxation or spin-sgaxation. This process is quantified by
the time constant,, known as the transverse relaxation time constagpin-spin
relaxation time constant.

Transverse relaxation is generally studied usisgia-echo pulse sequence [1, 4,
10]. Figure 1.8 diagrams a typical spin-echo pekguence as well as the resulting
magnetization throughout the experiment. The pséspience begins with a time delay,
d1, which is sufficient for the spins to reach thal equilibrium before beginning or
repeating the pulse sequence. A §0ise is then applied, which rotates the net
magnetization about theaxis into the transverse plane, #yeplane. During the
relaxation delayy, the spins begin to relax back to their equilibristate. Both
transverse relaxation and longitudinal relaxatiooun during this delay. In addition to
relaxation, the net magnetization spreads out witfexy-plane due to different Larmor

frequencies and inhomogenieties in the applied ®égfield. A 180, pulse is then
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applied followed by a second relaxation delay edqu#hat of the first. The 18Q3ulse

inverts the net magnetization about yh&xis within the transverse plane. The second

relaxation delay allows time for the signals toomfs and reduces effects due to

inhomogeneities in the magnetic field [4, 10].

90°, 180°,

aq

<A

£

dl

Y

Nl

Figure 1.8. Spin-echo pulse sequence and thetiresuket magnetization throughout the

experiment

Transverse relaxation can be observed by monitahagignal intensity of the

magnetization after allowing it to relax for diféatt intervals of time. As the time

allowed for relaxation increases the signal intgndecreases. The relationship between
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the relaxation delay, and the signal intensit{y), can be described by Equation 9 [1, 5,
9].

_2‘[/
M = Mye /T 9)

Using this relationship, the transverse relaxatiore constant],, can be
determined by plotting the signal intensity at @as relaxation delays. The pulse
sequence diagramed in Figure 1.8 results in a tel@kation delay of 2 therefore the

relationship given by Equation 9 is analyzed withristead ofc. Typical results obtained
by a spin-echo experiment are shown in Figure 1.9.

llllljlllllillkA
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Figure 1.9. Typical results from a spin-echo ekpent
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1.2. SILICA AEROGELS

Silica aerogels are highly porous materials madthbysol-gel method [11]. As
indicated by the name, the sol-gel method coneigtseparing a sol and then a gel. A sol
is a colloidal system of dispersed particles irgaitl medium. In the case of silica
aerogels, the dispersed particles are silicon aflesxand the liquid is generally an
organic solvent such as methanol. A gel is alsollaidal system, but one with a solid
character where the dispersed particles conneethiegand form a framework.

A gel is usually classified according to the dispem medium, e.g., a hydrogel or
aguagel in water, an alcogel in alcohol, an aerogair. When liquid is removed from a
gel by evaporation, the resulting surface tensimhapillary pressure due to the liquid-
vapor interface can cause considerable shrinkagekiag, and partial collapse of the
gel. When there is a significant change in thesgreicture due to shrinking and collapse
the gel is called a xerogel instead of an aerdgekerogel is obtained when the liquid
medium is removed with very little change to thégjricture; this usually requires
special conditions to prevent significant shrinkarg cracking of the gel.

Aerogels have many useful properties which aretduleeir porous structure.

Two of the main features of the porous structuas #ne often focused on are the porosity
and pore size. Porosity is the ratio of the poleme to the bulk volume of the aerogel;
silica aerogels normally have a porosity greatant®0%. The high porosity of aerogels
leads to many unusual properties that are moreactarstic of a dense gas than a solid
[12]. The term pore size is somewhat deceiving icamgg that the pores of an aerogel
don’t have a set geometric shape. Neverthelessspess than 2 nm are classified as
micropores, ranging from 2 to 50 nm are mesop@mes greater than 50 nm are
macropores [11]. Pore sizes of silica aerogels igdigdall in the range of nanometers to
micrometers, but the majority fall in the mesop@ege. Due to the high porosity and
small pore size, aerogels have very low densitielsvery large surface areas. Depending
on preparation conditions, silica aerogels carrdmestucent or transparent and
hydrophilic or hydrophobic. In addition, aerogeés/bd low thermal conductivities, low
refractive indices, low acoustic impedance, and dielectric constants.

Aerogels have been considered for many applicatimrisding catalyst supports,

acoustic barriers, thermal insulation, filtersck@ning agents for liquid transportation,
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pesticides, sensors, capacitors, desiccants, asig wantainment [13]. Aerogels were
first prepared in the 1930s, but there was nogaifstant amount of research or
development of aerogels until the 1960s. The redfitnterest in aerogels came in
parallel to the rapid development of aerogels at time [14]; specifically the significant
shortening of the preparation time which previouslyk more than a week. Despite the
high potential of aerogels, they were not put prtactical use until 1974 when they were
used in Cerenkov radiation detectors. Aerogels lhaem the standard media for
collecting cosmic dust and have been used as thamsudation on Mars rovers [15]. In
addition, aerogels have been used as thermal timuia dual-pane windows (Super
Windows) [12]. They have been used as biocatalystncapsulating enzymes and
biosensors by immobilizing the sensor portion &f detector [16].

1.2.1. Native Silica Aerogels. Native silica aerogels are prepared by the sol-gel
process, which consists of a series of hydrolysts@ndensation reactions. The sol-gel
process is initiated by mixing the selected premynsater, an organic solvent, and a
catalyst. Sol-gel precursors are generally teti@fanal or trifunctional silicon alkoxides;
an alternative cheaper silica source that is comfmoocommercial synthesis is sodium
silicate. Water is necessary for the hydrolysithefprecursor, but since silicon alkoxides
have a low solubility in water an organic solventised as the dispersion medium. An
acid or base catalyst can be used for the preparatigels; three procedures are used,
including acid catalysis, base catalysis, and ttep-satalysis [17]. The two-step process
begins in acidic solution and then a base is atldl@ttrease the rate of condensation and
reduce the gelation time. Under acidic conditiopdrblysis is favored and condensation
is the rate-determining step, whereas under basiditons hydrolysis is the rate-
determining step [14].

After gelation the gel is usually aged in the solut The gel is initially very
flexible. While still in solution, the neighborifg/droxyl or alkoxy groups can undergo
condensation. This process is referred to as agihigh strengthens the gel and reduces
the amount of shrinkage during drying. In additidae to the reversible nature of
hydrolysis and condensation, mass is dissolved frmmmodynamically unfavorable
regions and condenses in thermodynamically morer&bole regions [14]. The

dissolution and reprecipitation results in a regucof the net curvature, disappearance
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of small particles, and filling of small pores. Tgel is then dried in a way to prevent
collapse of the gel structure; in most cases suipieed drying is used. The solvent is put
into the supercritical state and exchanged withs Ghis process eliminates the liquid-
gas interface, thus there are not surface tensicapllary forces acting on the gel
network during drying. The resulting aerogels artamed with little to no shrinkage or
cracking.

There are several parameters that can affect thgesprocess, thus altering
characteristics of the resulting gels. These irgline choice of precursor, concentration
of the precursor, water to precursor ratio, solvesgd, temperature, and catalyst. The
concentration of the precursor will directly afféioe density of the resulting gel, while
the amount of water will affect the rate of hydisy The type of catalyst used influences
the morphology of the gel. In general, acid catatygels consist of weakly branched
entangled linear chains creating a microporoustira, while base catalyzed and two-
step gels consist of a network of uniform particléth more branching and larger pores
[17]. Acid catalyzed gels are not only extremelyakiebut the preparation time is
generally significantly longer due to the sloweeraf condensation. Therefore base
catalysis and two-step catalysis are more commuaseyl than acid catalysis. Base
catalyzed and two-step aerogels are formed frord-bka clusters of primary silica
particles. These clusters are referred to as secpmarticles. The secondary particles
form a pearl-necklace type network connected bk §t8]. The pores in base-catalyzed
silica aerogels are generally mesopores about 5ihmhameter [19]. Templating and
swelling agents may be used to control the poressilf a sufficient amount of swelling
agent is used the mesoporous structure will beaesd, leaving a macroporous structure
[20].

Aerogels have a wide variety of desirable propsyibeit their practical use has
been limited due to some disadvantages. Aerogelsyprcally very fragile, brittle,
hydrophilic materials. They are prone to cracking areaking, which makes them
difficult to process and limits practical use. Tharophilicity reduces their stability in a
humid atmosphere; adsorption of water will leadracking or even collapse of the gel
structure. In addition, the expensive, risky supgcal drying step limits the use of

aerogels in large scale commercial applicationsofthese disadvantages have been
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addressed by varying types of surface modificatibtne gels [19, 21]. Modifications
range from simply replacing the surface hydroxygugrs with alkyl groups to
crosslinking the aerogels by tethering polymerth&surface.

1.2.2. Polymer Crosslinked Silica Aerogels. The extreme fragility of native
aerogels has been linked to the necks betweerettomdary particles. It has been shown
that the silica network can be reinforced by ugintymers as an interparticle crosslinker.
This has been done by using the surface hydroxylms to begin the crosslinking. The
surface hydroxyls have been used to tether diiswtga to the surface of the silica gel
[19]. These tethers then react with water formingeine that then reacts with more
diisocyanate. The resulting crosslinking is thusttyopolyurea-based with a carbamate
(urethane) linkage at the silica surface [22]. Aiety of polymers can be used to
crosslink silica aerogels by modifying the surfat¢he silica gel with the appropriate
functionality. For instance, the hydroxyl functiditiacan be replaced by an amine
functionality. Similar to the hydroxyl functionaitthe amine functionality can be used to
crosslink with diisocyantates; this creates crogshig that is purely polyurea-based. The
amine functionality has also been used to crosshelksilica surface with polyfunctional
epoxies [23] and polyfunctional styrene [24]. Silgels have also been successfully
crosslinked with methylmethacrylate, styrene, anthglbenzene after modifying the
silica surface with a free radical initiator [25].

The density, porosity, and underlying morphologyh# native aerogels modified
with amine functionalization and a free radicatiator stay relatively the same. When
silica gels are crosslinked with polymers the mates introduced conformally to the
silica network, this erases all fine particle defom. Crosslinking blocks channels to the
micropores within the secondary particles, butrtfesoporous network remains [19].
Retention of the mesoporous network and the highgiy also retains many of the
attractive properties of native silica aerogelsadidition, crosslinking greatly improves
the mechanical strength and makes it possible thima the aerogels. Properties of the
crosslinked gels depend on their density, whichlanontrolled by varying the
concentration of the crosslinker. Increasing thesdg by a factor of three leads to an
increase of strength by a factor of approximatetgeé¢ hundred [18]. The increased

strength is attributed to the wider necks and Hexorganic nature. The increased
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strength of crosslinked gels allows the gels tdstand the surface tension forces during
ambient pressure drying with hydrocarbon solve?&.[The increase in strength is
relatively the same from one polymer to anothersti is expected that further
strengthening may only be possible by modifyinguhderlying silica network not
changing the polymer used in crosslinking [24]. ldeer, it has been shown that the
aerogels that are first modified with free radicétiator on the surface are decisively
stronger than the other crosslinked aerogels [B5k increase in strength was attributed
to the longer interparticle polymer chains thatlesl. The longer chains are expected to
hold the structure together when even the inteigg@amecks are broken. In general
crosslinked aerogels are found to be about terstigss hydrophilic than native aerogels
[18], but styrene crosslinked aerogels are hydrbpho

Crosslinking of silica aerogels resolves many efdmawbacks that have limited
their practical use. The strengthening of the agrngtwork makes both preparation and
use of aerogels more feasible. The increased sktramgl ablility to make them
hydrophobic increase their environmental stabilityaddition, the increased strength
allows ambient pressure drying of the gels, whigh ot only eliminate the risky and
expensive supercritical drying step but also alltivespreparation of larger aerogel

samples.
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2. RESEARCH OBJECTIVES

Since many of the attractive properties of aerogedsdue to their porosity, pore
size, and structure, it is important to be ablmt@stigate these properties.
Characteristics of porous materials — such as dsies, size distribution, shape, and
connectivity — influence fluid transport within theaterials. As a result fluid transport

within porous materials is often studied to givsigit into these characteristics.

2.1. CONVENTIONAL METHODS

2.1.1. Porosity. Porosity,®, is often calculated by using the bulk density,and
skeletal densityps, as shown in Equation 10. The bulk density cambasured by
simply weighing the sample and calculating the wabased on the measured
dimensions. Skeletal density requires the measureai¢he volume of the solid
network; this can be done by submerging the samfidea liquid and measuring the
displacement, but this would then require drying dlerogel sample again. Alternatively,

helium pyknometry can be used to measure skeletsdity.

_ Yop="/ps 0
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2.1.2. Poresize. The pore size and structure are analyzed by atyarie
methods. Nitrogen adsorption/desorption accordiipé Brunauer, Emmet, and Teller
(BET) method is probably the most widely used métttomeasure the surface area and
pore size distributions in aerogels. Nitrogen apison/desorption is said to detect pores
that are accessible to nitrogen [14]. However, &hitrogen can access pores down to
about 0.7 nm, it is estimated to only see poredlsntaan 50 nm in diameter [27].
Therefore nitrogen adsorption/desorption shoulg del used for information regarding
mesoporous materials; it is not expected to babldifor macroporous materials and can
only access portions of microporous materials. Mgrporosimetry is also a common
method of measuring pore size and volume in poneaterials, but the pressures required

for penetration of mercury are likely to damagedbeogel network. Mercury can
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penetrate pores as small as 7 nm with applicati@nsgnificant amount of pressure, but
it is generally considered only a representativéhoa: for macroporous materials [27].
Adsorption/desorption and porosimetry methods megam assumption of pore shape to
relate the results with characteristics such aptine radius, and they often are only a
measure of the smallest constriction in a poreerdtian the average radius [28]. Also,
the pressures required for adsorption/desorptioihpanosimetry can lead to dilation and
constriction of the pores resulting in false resulflectron microscopy techniques are
often used to study the morphology and can be tesedtimate the pore size; however,
the high energy of the electron beam can causmattie of the sample. In addition, to
gain an adequate representation of the samplgea gmnount of images must be
processed. Adsorption/ desorption, porosimetry,eladiron microscopy all require a
dried sample and are destructive to the sample.

Porous materials may also be analyzed using smgleacattering techniques.
The combination of small-angle light scattering (A with ultrasmall- and small-angle
X-ray scattering (USAXS and SAXS) methods coverdhtre spatial scale of aerogels
(<1 nmto >5 pum) [29]. While this combinationtethniques is not destructive and not
sensitive to pore connectivity or network effecisne of the methods are widely used for
characterization of porous materials.

No technique can provide complete information albetpore structure, a
combination of methods must be used to gain aviewe of the porous structure.
Although technique limitations should be carefubnsidered, the shortcomings of these
methods are often overlooked in general use. fioasierogels, nitrogen
adsorption/desorption using the BET method is thetrmommon technique of measuring
the porous surface area. Silica aerogels tend prdooominately mesoporous, but the

microporous and macroporous surfaces are not detyiraeasured using BET.

22.NMR METHODS
NMR is a nondestructive technique that can be ts@uvestigate both static and
dynamic systems [4, 5, 6]. Porous materials mayagomicropores, mesopores, and

macropores; generally the NMR technique utilizedharacterize each of these is
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different [30]. Differences in chemical shift, re&ion, and diffusion can all be used to
selectively probe systems monitored by NMR.

2.2.1. Porosity. Quantitative NMR analysis of a filling fluid in pous media can
be used to determine the porosity[31]. The sigmanisity is proportional to the number
of nuclear spins. The ratio of the signal intensityhe fluid within the poresygre, to the
signal intensity of the bulk liquidyuk, gives a measure of the porosity, as shown in

Equation 11.

@ = 2 % 100% (11)
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2.2.2. Poresize. NMR chemical shift arises from different environrtemhe
varying sizes of pores in porous media would besetga to result in signals with
different chemical shifts. However, the exchangevkeen mesopores and macropores is
generally rapid, resulting in line broadening affflallty in distinguishing the
differences in environments. In addition, molecufedifferent parts of the pores feel
different magnetic fields due to magnetic suscdptitaifferences between the solid and
fluid and the presence of paramagnetic speciesinftanogeneities in the magnetic
field lead to broadening of the resonance linetduearying frequencies. The broad lines
indicate differing environments but cannot eas#ydorrelated to pore characteristics.
Even when the magnetic susceptibility and paramaga#ects are negligible, relaxation
effects can cause line broadening. Thus chemidilestalysis of NMR spectra is not
sufficient to characterize mesoporous and macrasonaaterials.

In microporous materials the fluid is essentiallyays in contact with the
surface, resulting in spectra that are dominatesiunface effects. When surface effects
dominate the spectra, chemical shift can be usedoagbe for microporous materials.
Information about the pore size of microporous maieis generally obtained from the
chemical shift of*>e NMR. In comparison to other filling fluids usésiprobe porous
materials, xenon is highly polarizable resultingihigh sensitivity to its environment.
The high polarizability leads to a large chemidaftsange, between 0 and 250 ppm,
which results in sufficient resolution to distingliimicropores. The chemical shift can be

related to the dimensions of the pores, wall cumeatand surface-to-volume ratio [32].
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NMR relaxation times are sensitive to moleculariomtthus they can be used to
probe the dynamics of molecules [4, 5]. A longéaxation time indicates greater
mobility whereas a shorter relaxation time indisatestricted mobility. The relationship
between mobility and relaxation time can be usestudy porous media by measuring
the relaxation time of a filling fluid. Fluid atéhsurface of the pores will have a reduced
mobility, resulting in a reduced relaxation timéelreduced relaxation time results from
attraction between the fluid and the surface, wisch short range dipole-dipole
interaction. In addition, paramagnetic sites ondingace can also contribute to the
enhanced relaxation time.

A two-site model is often employed to analyze thlexation data from fluids
within porous media [30, 31, 33-35]. This moddb&sed on the proposal that the fluid
molecules occupy one of two sites; the fluid molesare either at the surface of the
pores or within the pore. The fluid molecules attesite have a different relaxation time;
the molecules at the pore surface will have an eeddhrelaxation time and the
molecules within the pore will have a relaxatianeisimilar to bulk liquid. The observed
relaxation timef, is related to the relaxation time of the moleswdéthe pore surface,
Ts, and the molecules within the porés, as shown in Equation 12. The rate of
relaxation observed is a weighted average of tlaagon rates of the molecules at each

of these sites, whepeis the fraction of molecules at the pore surface.

1_x .0 (12)
T Ts Tp

The fraction of molecules at the surface is disexlated to the surface-to-
volume ratio, SV, and the thickness of the surface layerSubstituting this relationship
into Equation 12 reveals a correlation betweerothserved relaxation time and the pore
structure as shown in Equation 13. A further sifigation to Equation 13 is made by
considering the thickness of the surface layerthadlifference in the relaxation rates of
the two sites as a function of the surface. Thelpecbof the surface layer thickness and
the difference in the relaxation rates betweerstivéace and the bulk are combined into

one parameter called the surface relaxivity paramgtas shown in Equation 14. The
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surface relaxivity parameter has units of veloaityl is a measure of the rate at which the

nonequilibrium magnetization leaves the molecukssr the surface.

1 1 SA[1 1

=t () (13)
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In some instances the relaxation time of the higikidl is much greater than the
liquid in the porous media. If the bulk relaxatiime is much larger than the relaxation
time at the surface sites then the relaxationafitbe bulk fluid is not significant and the
observed relaxation rate can be directly relateti¢csurface to volume ratio as shown in
Equation 15. However, the simplification of remayitme bulk relaxation rate from
Equation 14 is generally only true for materialshnpore sizes smaller than 5 nm [33] or
materials with a high paramagnetic content.

S
P (15)
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The surface-to-volume ratio can be correlatedpora dimension if the pore
shape is assumed, for instance, the pore radauspherical pore shape is assumed.
Generally the interest in the pore size is relabetthe transport properties instead of the
specific shapes of the pores, so the volume-tasarfatio is sometimes considered to be
a measure of the hydraulic radius [33]. Substigitims into Equation 14 gives an
expression relating the observed relaxation rateedydraulic radiusy, as shown in
Equation 16.

=—+= (16)

Further modifications have been made to the twa+sibdel incorporating
differences due to the wettability of the liquiddathe size of the pores. The wettability of

a liquid is the measure of affinity of the porouaterial to one liquid over another. The
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expression given in Equation 16 is generally cagrgid to be applicable for wetting
liquids down to a pore radius of 1.8 nm [30]. Hoeevor nonwetting liquids significant
deviations are observed with pore radii of lesstBam. Equation 17 incorporates an
additional term to account for the deviation, wherg a constang is the relaxation rate
of the bulk fluid (17g), andb is the surface relaxivity. In this relationstaps purely a
function of the fluid, temperature, and magnetd] wherea$ is has additional

contributions from the surface chemistry and related to geometrical factors.

c=at o+ (17)
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If diffusion within a pore is not rapid, then mdhan one relaxation time would
be observed for the pore and values would deperdeodetailed pore geometry and not
just the surface-to-volume ratio. If the rate ofgpooupling is fast, the sample will
experience uniform magnetization behavior and theeovation of a single relaxation
time related to the surface-to-volume ratio of ¢éinéire sample instead of relaxation times
related to the individual pores. In general, forgpeizes less than 1 um there will be one
relaxation time observed [34].

The above equations were presented in a genencifauding an observed
relaxation timeT. Equations 12-17 are generally presented as lagiplicable to both
spin-lattice relaxation timd;;, and spin-spin relaxation tim&;. However, caution
should be taken when using them for spin-spin edlar, because the relaxation time
is greatly affected by diffusion of the moleculaghe presence of local magnetic field
gradients [30]. To obtain accurakgvalues in the presence of local gradients, shatrd e
spacings and a low magnetic field should be us#ter@ise, the two-site model must be
modified by adding a term to account for effecthad diffusion within the local magnetic
field gradients [35]. The addition of diffusion nse@ements yields more confidence in
understanding the pore structure, but significaimityeases the difficulty of analysis
required. Some authors disagree to the u3g a$ a probe of pore characteristics because
the spin-lattice relaxation time does not revedrimation about tortuosity or
connectivity [36]. The tortuosity is used to relttte actual distance traveled by a

molecule to the net distance traveled.
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The two-site model is considered to be a fair regméation, but one must be
cautious of the limitations of the model. Knowledgehe surface relaxivity parameter is
required to relate the observed relaxation timé& wdre characteristics. The surface
relaxivity is generally assumed to be constanafparticular sample. Sometimes the
surface relaxivity of different materials are calesied to be similar enough so that NMR
relaxation measurements can be used for estimbgesface-to-volume ratios [37].
Alternatively, an independent measurement of tifasea-to-volume ratio can be used to
determine the surface relaxivity, but the result vary depending on the technique used
to measure the surface-to-volume ratio due to iffierishg sensitivities of different length
scales. Equation 18 illustrates a common method tgsealculate the surface-to-volume
ratio based on independent measurements of porepitgific surface are&;, and bulk

density,pp.

s _ (1-9)
() e ="5 SsPs (18)

Some considerations must be taken when using thesite model. The model
assumes diffusion within a pore is rapid and assuima diffusion between pores of
different dimensions is slow. If diffusion withinpore is slow then a distribution of
relaxation times will be observed and the matherab#inalysis can become problematic.
Magnetic susceptibility differences between thédfland solid phase can also complicate
the analysis of spin-spin relaxation. The naturthefsurface has been shown to affect
the relaxation times [28, 34] and must be taken @ansideration when interpreting
results. As can be seen in Equation 14, changé®isurface area and the surface
relaxivity have an equal potential to affect the@ived relaxation time. A reduction in
the surface roughness and an increase in the pgnatnasites on the surface have been
studied using the sorption of oil [35]. The redantbf surface roughness will directly
affect the surface-to-volume ratio, and the inceaagparamagnetic sites will increase the
surface relaxivity. Additional concerns towardsngsihe two-site model as a general tool
include the effect of pore shape and how to cofficecihe volume of the surface layer
when studying small pores [28].
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The above studies of pore filling fluid are ofteané at room temperature with
one filling fluid. Monitoring the relaxation timd different temperatures and relaxation
studies with more than one filling fluid have als®en explored. The freezing point of a
liquid inside of a porous solid is lower than tb&bulk liquid. The frozen fluid will have
a short relaxation time that can be easily elir@dand the NMR peak area from the
liquid fluid can be analyzed as a function of tenappgre. Temperature studies in porous
materials are only appropriate for mesoporous naseiVhen the pore size becomes too
small the strong adsorption at the surface hagge kffect which is difficult to model
[30]. In addition, the use of two immiscible flyshases has also been used to
characterize porous materials [38]. Analysis of NkRxation as a function of the
mixing ratio can help to focus on the surface lay®a the bulk pore fluid individually if
one has a strong affinity for the pore surface camag to the other. Furthermore, it may
be possible to selectively probe one of the liglidsed on chemical shift or relaxation

differences.
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3. MATERIALSAND METHODS

3.1. AEROGEL SAMPLES

Both native and polymer crosslinked silica aerogedse analyzed using NMR.
Native silica aerogels were synthesized directly mm NMR tubes. The crosslinked
aerogels were machined to fit snuggly into thedrotof standard 5 mm NMR tubes. The
gels were then placed in tubes filled with a migtaf acetone and deuterated acetone
(acetone-g). Thus the void space in the aerogels was fillét solvent, resulting in a
saturated gel in the bottom half of the measurheg and bulk solvent in the top half of

the measuring area, as illustrated in Figure 3.1.

acetone —>

} measurement area

aerogel —>

-/

Figure 3.1. Silica aerogel submerged in acetorsermm NMR tube

The samples analyzed are listed in Table 3.1, dnetuthe abbreviation and
composition. The gels were synthesized by acidaselratalysis, as indicated. Base-
catalyzed gels were prepared by mixing a solutfomethanol and ammonium hydroxide

with a solution of methanol and TMOS. Acid-catalgzgels were prepared from a
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solution of methanol, potassium hydrogen pthakate, hydrochloric acid mixed with a
solution of methanol and TMOS. The crosslinkingragénclude diisocyanate,
methylmethacrylate, and styrene, where X indicgéds crosslinked with diisocyanate.
All of the aerogels labeled with MP4 were templatisthg 4 g Pluronic P123 [20]. TMB
was used as a swelling agent for some of the teéethamples as indicated by the T in

the abbreviation, with the amount of swelling aggimen in Table 3.1.

Table 3.1. Aerogel samples analyzed with NMR
Abbreviation Composition

BC Native base catalyzed silica aerogel

X-BC Base catalyzed silica aerogel crosslinked itbocyanate

AC Native acid catalyzed silica aerogel

X-AC Acid catalyzed silica aerogel crosslinked wiiilsocyanate
Native acid catalyzed silica aerogel prepared withPluronic

MP4 P123

Acid catalyzed silica aerogel prepared with 4 gétic P123

X-MP4 and crosslinked with diisocyanate
i Native acid catalyzed silica aerogel prepared withPluronic
MP4-T045 P123 and 0.45 g TMB
i i Acid catalyzed silica aerogel prepared with 4 gétic P123,
X-MP4-T045 0.45 g TMB, and crosslinked with diisocyanate
i Native acid catalyzed silica aerogel prepared withPluronic
MP4-T085 P123 and 0.65 g TMB
X-MP4-TO65 Acid catalyzed silica ae_rogel pr_epar_gd with 4 gétic P123,
0.65 g TMB, and crosslinked with diisocyanate
i Native acid catalyzed silica aerogel prepared withPluronic
MP4-T200 P123 and 2.00 g TMB
i Native acid catalyzed silica aerogel prepared withPluronic
MP4-T310 P123 and 3.10 g TMB
X-MP4-T310 Acid catalyzed silica aerogel prepared with 4 gétic P123,
3.10 g TMB, and crosslinked with diisocyanate
. Native base catalyzed silica aerogel with AIBN aod
Si-AIBN P
modification
50% MMA Base catalyzed silica aerogel with AIBN surface ification

crosslinked with 50% MMA

Base catalyzed silica aerogel with AIBN surface ification
crosslinked with 50% styrene

Base catalyzed silica aerogel with AIBN surface ificakion
crosslinked with 75% styrene

50% styrene

75% styrene
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3.2. MATERIALSAND INSTRUMENTATION

The aerogel samples were machined using a ProxRad2BB/E micro lathe. The
acetone used was HPLC grade; it was purchasedRrsimer Scientific and used without
purification. Acetoneds (99.9% deuterium) was purchased from Cambridg®so
Laboratories. NMR tubes were obtained from Noadllhaving a 5 mm diameter and a
minimum grade of 300 MHz or higher. A 200 MHz, 8&nwide-bore Bruker Avance
NMR Spectrometer was used to analyze the aerogellea.
3.3. RELAXATION MEASUREMENTS

Relaxation times for both the bulk solvent abowvedkrogel and for the solvent
within the aerogel were measured simultaneouslg. NMR measurements were done
using a gradient-recalled echo technique to obgiandT,-weighted profiles. The
profiles were then analyzed to obtain independelaiation times for the bulk solvent
and the solvent within the pores.

3.3.1. Relaxation-Weighted Profiling. A gradient-recalled echo technique was
used to obtaiff;- andT,-weighted profiles. This was done using the respectlaxation
pulse sequence integrated with a standard grackeatlied echo imaging sequence. An
imaging technigue was chosen to allow simultanemagiisition of the bulk fluid and the
pore filling fluid. The gradient pulse used creadmear magnetic field gradient along
the direction oBy (thez-axis) [1, 39, 40]. As a result the spins expergeditferent field
strengths depending on their position alongzth&is. Since the precession frequency is
directly proportional to the strength of the apglfeeld, the spins exposed to a higher
magnetic field will precess at a higher frequenig the spins exposed to a lower
magnetic field will precess at a lower frequenclyus, during the application of a
gradient pulse the precession frequency of eachislirectly related to its position
along thez-axis. After the gradient pulse is turned off,&lkhe spins return to precession
at the Larmor frequency. However, the magnetic mamef the spins will be phase
shifted as a result of the gradient pulse. FiguPedBagrams the resulting magnetic
moments after a gradient pulse.

Proper application of gradient pulses can resuditimer frequency or phase
encoding of the magnetic moments with respecteo thcation along the-axis [4, 39,

40]. If frequency encoding is desired the gradmirise should be executed during the
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signal acquisition. Application of a gradient pulsfore signal acquisition will result in
phase encoding. Both techniques can be utilizedrfaging purposes; our images were

obtained through a frequency encoding method.
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Figure 3.2. Resulting magnetic moments after digra pulse

3.3.2. Transverse Relaxation Profiles. T,-weighted relaxation profiles were
acquired using a combination of a Carr-Purcell-Mein-Gill (CPMG) spin-echo pulse
sequence [5, 10] and a gradient-recalled echo mgagichnique. Figure 3.3 diagrams the
pulse sequence and the fate of the magnetizatronghout the experiment.

The initial delay, d1, allows time for the spin ®m to reach thermal equilibrium.
After the 90, pulse the net magnetization is directed alongytheis. During the delayt,
the spins begin to relax and dephase. A,/J8@5%e followed by a second delayjs
applied to refocus the spins. A constant gradielgepis then applied for a time equal to
the delay d2 which causes the spins to precesfef@ency dependent on their location

along thez-axis. After the gradient pulse the spins returpriecession at the Larmor
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frequency but are phase shifted do to the gragieise. A 18G°pulse then rotates the
spins about thg-axis. The 18Q®pulse is surrounded by short delays of d3 to aftow
electronics switching. A second gradient pulsééntapplied at a delay time of d4 before
the acquisition of the FID begins. Due to the 1f0Qlse the spins that were exposed to
the higher magnetic field during the first gradipntse are now exposed to a lower
magnetic field, thus precess at a lower frequeSBayilarly, the spins that were exposed
to the lower magnetic field during the first gratipulse are now exposed to a higher
magnetic field, thus precess at a higher frequehlog.change in the experienced
magnetic field results in a refocusing echo ofgphms during the gradient pulse. The
signal is acquired during this echo.

90°, 180° 180°,

loop

Figure 3.3. CPMG spin-echia-weighted profile pulse sequence and corresporfdiieg
of magnetization throughout the experiment
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In the pulse sequence shown in Figure 3.3, theigmagulse is applied during the

signal acquisition. Applying a gradient pulse dgrsignal acquisition leads to spin

frequencies that correspond to the position albeg-axis. Therefore, the frequency

spectrum is actually a profile along thexis.

3.3.3. Longitudinal Relaxation Profiles. Ti-weighted relaxation profiles were

acquired using two methods. The first includedrareision-recovery pulse sequence and

the second method used a saturation recovery petgeence. Similar to thie-weighted

profiles, both pulse sequences were integrated avgtadient-recalled echo imaging

technique. Figure 3.4 illustrates the pulse seqaiand the resulting magnetization

throughout the sequence for the inversion recowesthod.
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Figure 3.4. Inversion recoveiy-weighted profile sequence with corresponding

magnetization throughout the experiment
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The pulse sequence begins as a standard inveestomary pulse sequence. First
is a time delay, d1, which is sufficient time foetspin system to reach thermal
equilibrium. A 180, pulse is applied to invert the magnetization,dekd by a delay to
allow for relaxation. A 9Q°pulse is applied to rotate the magnetization theotransverse
plane for observation. In contrast to a standavdrsion-recovery pulse sequence, the
signal is not immediately observed after movingragnetization into the transverse
plane. Analogous to the procedure used fofftheeighted relaxation profile, gradients
are used to produceTa-weighted relaxation profile. The combination o&dient and
180y pulses results in a spectrum in which the preoadsequency depends on the
location along the-axis.

Using an inversion-recovery pulse sequence, threabigill start out as a negative
(inverted) signal at short delay times. As the géime is increased, the signal will
become less negative. At an intermediate delay timaesignal will become zero. Upon
increasing the delay time further, the signal Wwécome positive (recover) until it reaches
equilibrium. To obtain th&@;-weighted profile, a magnitude calculation must be
performed on the data to remove the phase encotimggmagnitude calculation results
in all positive signals, which leads to difficuity analyzing the data. Before tiie
relaxation times can be calculated from the dagstgnals must be manually converted
to negative signals where appropriate.

An alternative to using the inversion-recovery pugquence to measurg
relaxation times is to use a saturation-recovetggsequence. Using a saturation-
recovery pulse sequence solves the problem cayst Imagnitude calculation,
because all of the resulting signals from this @@lsquence are positive. Like the
previous pulse sequences, a standard 1D imagirsg geljuence was added to the
saturation-recovery pulse sequence to obIaweighted profiles. The pulse sequence is
shown in Figure 3.5. An additional benefit to usihg saturation-recovery pulse
sequence is that only a short delay is requiredidsst each scan. Normally, there must
be a long enough delay between the scans to dflewignal to fully relax before the
next scan, but a saturation-recovery pulse sequaegias by saturating the signal which
eliminates the need for full relaxation betweendbans. An initial delay is still included

because short delay is necessary to allow elecs@witching.
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Figure 3.5. Saturation recovefyweighted profile sequence with corresponding
magnetization throughout the experiment

The pulse sequence begins exactly as a standardtsat-recovery pulse
sequence. After the initial time delay, d1, a pufae is applied to saturate the
magnetization. After a delay, to allow for relaxation, a 90pulse is applied to rotate the
magnetization into the transverse plane for obsienvaThen gradients are used to
produce al;-weighted relaxation profile in which the precessiequency depends on
the location along theaxis.

The saturation-recovery pulse sequence shown ur&i8.5 was modified further
for some of the polymer crosslinked aerogels. Tbent of the experiment was to
measure thé&; relaxation of the solvent within the aerogel amel bulk solvent above the
aerogel. However, the protons in the crosslinkiatymers may also be detected with the
original pulse sequences. The addition of the ®axing signals results in a total signal
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with a relaxation time that is a weighted averafhe relaxation times of each
component. Figure 3.6 shows plots of two scenanoihe top plot a case where the
amount of signal from the polymer is comparabléhedamount of signal from the pore
liquid, and in the bottom plot in which the amoofhsignal from the polymer is very
small compared to the amount of signal from theepiguid. In cases where the amount
of signal from the polymer is significant, the sed#ion time calculated will be shortened

due to the addition of the faster relaxing polyrsignal.
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Figure 3.6. Comparison of polym&y relaxation, pore liquid; relaxation, and the
resulting totalT; relaxation
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TheT, relaxation times of the polymer signal and theedauid were too close to
be able to selectively eliminate the polymer sigrahgT; relaxation. However, th&,
relaxation times of the polymer signal and the piopéid, about 1 ms and 25 ms
respectively, are sufficiently different to allowarfselective elimination of the polymer
signal byT, relaxation. Figure 3.7 shows a plot comparingTtheelaxation of the
polymer signal and the pore liquid. Inserting aagiedfter the magnetization is returned to
the transverse plane allows for the polymer sitméle selectively removed. The gray
area in Figure 3.7 represents the delay necessaeyrtove the polymer signal. The
relaxation delay is added between the pafse and the gradient pulse in the sequence
shown in Figure 3.5. The additional delay allows plolymer signal to fully relax before
acquiring the signal from the pore liquid, thusaling analysis of the pore liquid

relaxation without interference of the polymer sign
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Figure 3.7. Comparison of polym&s relaxation and pore liquidl, relaxation
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4. RESULTSAND DISCUSSION

4.1. TRANSVERSE RELAXATION RESULTS

T,-weighted relaxation profiles were obtained forcigmate crosslinked base
catalyzed aerogels (X-BC). At the top of Figure thédre is a set of X-BT,-weighted
relaxation profiles obtained at various relaxati@ays. The left side of the profile is the
signal from the acetone within the aerogel, anditiig side of the profile is the signal
from the bulk acetone. Corresponding points frochgaofile were fitted to an
exponential decay to find thie relaxation of acetone within the aerogel and withie
bulk fluid. The bottom of Figure 4.1 is a plot bE(T, relaxation time of acetone at points
along the profile of the aerogel and bulk liquidheTrelaxation time of the acetone signal
within the aerogel was found to be 0.025 + 0.0@hd the relaxation time of the bulk

acetone signal was found to be 5.742 £ 0.006 s.

X-BC (T)

Signal Intensity

T, Relaxation Time (s)

Z-axis Profile

Figure 4.1.T,-weighted relaxation profiles and the correspondingelaxation times of
acetone within an isocyanate crosslinked baseyzatdlsilica aerogel and bulk acetone
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Our goal was to compare the relaxation times withenaerogels to the pore sizes
of the aerogels. However, the short relaxation tifnéhe solvent signal within the
aerogel leaves little room for variationTa relaxation times. The small dynamic range of
spin-spin relaxation time limits the usefulnes3ofelaxation times for aerogel analysis.

Therefore,T, relaxation times were not obtained for all of #szogel samples.

4.2. LONGITUDINAL RELAXATION RESULTS
T,-weighted relaxation profiles were obtained foradlthe aerogel samples. The
T,-weighted profiles and correspondiigrelaxation times of acetone within a native

base catalyzed silica aerogel (native BC) and bo#tone can be seen in Figure 4.2.

native BC

Signal Intensity

— | 1oms
e 50us
e

aerogel bulk

T, Relaxation Time (s)

Z-axis Profile

Figure 4.2.T;-weighted relaxation profiles and the correspondingelaxation times of
acetone within a native base catalyzed silica aragd bulk acetone
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The initial signal intensity within the native basstalyzed aerogel and in the bulk
is nearly equal due to the high porosity of theogel. The native silica aerogels are
essentially porous glass, thus the pore surfaces mat expected to significantly enhance
the relaxation time of the pore liquid. The relas@attime of the acetone signal within the
aerogel was determined to be 6.34 £ 0.05 s ancetheation time of the bulk acetone
signal was determined to be 7.0 £ 0.1 s. Theelaxation times of the pore liquid and the
bulk liquid were reasonably close.

Figure 4.3 shows a set ©f-weighted profiles and the correspondihgelaxation

times from an isocyanate crosslinked base catalsitied aerogel (X-BC).

X-BC
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Figure 4.3.T;-weighted relaxation profiles and the correspondingelaxation times of
acetone within an isocyanate crosslinked baseyzatdlsilica aerogel and bulk acetone
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The initial signal intensity within the isocyanat®sslinked base catalyzed
aerogel is significantly lower than the signal gty of the bulk; this is due to the
additional space occupied by the crosslinking p@wyrithe relaxation time of the acetone
signal within the aerogel was determined to be £.081 s and the relaxation time of
the bulk acetone signal was determined to be 5040% s. The significant difference
between thd; relaxation time of the pore liquid and the butkuiid is largely due to the
polymer crosslinking on the surface of the pord®s polymer layer causes an increase in
the dipole-dipole interactions, resulting in a $8of; relaxation time.

All of the isocyanate crosslinked silica aerogetsevanalyzed using the standard
saturation-recovery pulse sequence with the gradesalled echo imaging sequence.
The aerogels crosslinked with methyl methacrylm® @) and styrene were found to
have a significant amount of proton signal from ploé/mer. Figure 4.4 shows a set of
T,-weighted profiles and correspondiigrelaxation times for a silica aerogel
crosslinked with 50 % MMA. The relaxation time bktacetone signal within the aerogel
was found to be 1.53 + 0.01 s and the relaxatioe tf the bulk acetone signal was
found to be 6.51 £ 0.02 s. The fully relaxed pe8hows a higher total signal within the
aerogel than in the bulk solvent, indicating thatrenthan just the solvent signal is being
observed. If there was only solvent signal themetlveould be more signal in the bulk
area, because the aerogel must take up some suhamng the amount of solvent in the
region occupied by the aerogel.

Polymers generally have a very short relaxatiore ttmmpared to small
molecules. The short relaxation time can be selelgtremoved so that only the acetone
relaxation is observed. An additional delay wasealdidefore the imaging sequence to
allow time for the polymer to completely relax. &fthe delay time there is still
sufficient remaining signal from the acetone ta&ottthe relaxation time.

A set of T;-weighted profiles and correspondifgrelaxation times for a silica
aerogel crosslinked with 50 % MMA is shown in Figu4r.5. TheT;-weighted relaxation
profiles in Figure 4.5 were collected using the ffied pulse sequence including a delay
to allow full relaxation of the polymer signal. &gpected, the fully relaxed signal is
greater for the bulk acetone than for the acetati@wthe aerogel. The relaxation time

of the acetone signal within the aerogel was datexdito be 3.87 £ 0.01 s and the
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relaxation time of the bulk acetone signal was meitged to be 6.30 £ 0.02 s. There is
still a sufficient enhancement of tfig relaxation time of the pore liquid as compared to
the bulk liquid. Relaxation time enhancement iseeted due to the increased dipole-
dipole interaction between the liquid and the pardace. The relaxation enhancement
within the MMA crosslinked aerogel is less than émbhancement within the isocyanate
crosslinked aerogels. The decreased effect seasgnable considering that the MMA
crosslinking should be less polar than the isocima@sslinking. In addition, the
isocyanate crosslinking is a stiffer crosslinkingn the MMA crosslinkings. The less

mobile isocyanate crosslinking should also enhaineeelaxation time.
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Figure 4.4.T;-weighted relaxation profiles and the correspondingelaxation times of
bulk acetone and acetone within a base catalyfied aerogel crosslinked with methyl
methacrylate obtained without an additional detayplolymer relaxation
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50% MMA (5 ms delay)
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Figure 4.5.T;-weighted relaxation profiles and the correspondingelaxation times of
bulk acetone and acetone within a base catalyfed aerogel crosslinked with methyl
methacrylate obtained with an additional 5 ms déayolymer relaxation

Table 4.1 displays thE; relaxation times obtained for acetone containeghich
aerogel and the bulk acetone above each aerogebdlk acetone relaxation times
should remain constant, but as shown in Tablehky vary from about 5.5 sto 7 s.
Relaxation times can vary due to factors suchmapéeature and the calibration of
radiofrequency pulses [6, 9].

TheT, relaxation times given in Table 4.1 were normali® account for

variations and to obtain values that are validcfmmparison between the samples. The
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relaxation times were normalized to a bulk acetatemxation time of 6.25 s, the

normalizedT; relaxation times of the acetone within the aer®ogeé given in Table 4.2.

Table 4.1.T; relaxation times of bulk acetone and acetone wil@rogel samples

Bulk Acetone Pore Acetone
Aerogd Relaxation Time(s) | Relaxation Time (s)

BC 7.0+0.1 6.34 £ 0.05
X-BC 5.74 £0.01 1.18+0.01
AC 6.38 + 0.06 4.77 £0.07
X-AC 6.50 + 0.01 1.17 £ 0.01
MP4 6.36 + 0.01 2.26+0.01
X-MP4 6.03+0.01 1.08 £ 0.06
MP4-T045 6.56 + 0.06 4.39 £0.03
X-MP4-T045 5.87 £0.04 1.01 £0.06
MP4-T065 6.25+0.01 1.74+£0.01
X-MP4-T065 58+0.1 0.90 £ 0.03
MP4-T200 5.52 +0.04 4.19+0.01
MP4-T310 6.21 +0.01 2.82+0.01
X-MP4-T310 6.68 + 0.01 0.76 £ 0.01
Si-AIBN 6.2+0.1 5.25 + 0.06
50% MMA 6.30 £ 0.02 3.87£0.01
50% styrene 6.09 £ 0.01 3.76 £ 0.01
75% styrene 6.50 £ 0.01 3.64 £0.01

The pore sizes and structure of the native basdyzad aerogels, BC and Si-
AIBN, are similar; both consist of a particulateusture with mesopores. The difference
between the BC and Si-AIBN aerogels is the surfanetionality. The BC aerogel has a
hydroxyl surface functionality and the Si-AIBN ageb has a bistriethoxysilane

derivative of azobisisobutyronitrile (AIBN) incorpaied on the surface. The AIBN
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surface modification does not have a significarpact on the pore size or morphology of
the aerogel, but it does increase the interactidheopore liquid with the surface of the
gel. This increase in surface interaction caussgyat decrease in thB relaxation time
due to the reduced mobility of the acetone.

Table 4.2. Normalizedl; relaxation times of bulk acetone and acetone widlgrogels

Normalized Pore Liquid
Aerogel Relaxation Time (s)
BC 5.67 £ 0.05
X-BC 1.28+£0.01
AC 4.68 + 0.06
X-AC 1.13+£0.01
MP4 2.22+0.01
X-MP4 1.12 £ 0.06
MP4-T045 4.20 £ 0.07
X-MP4-T045 1.08 £ 0.07
MP4-T065 1.74+0.01
X-MP4-T065 0.97 £0.01
MP4-T200 4.76 £ 0.03
MP4-T310 2.84+£0.01
X-MP4-T310 0.71+£0.01
Si-AIBN 5.29 + 0.06
50% MMA 3.84 £ 0.02
50% styrene 3.86 £0.01
75% styrene 3.50+0.01

The native acid catalyzed aerogel (AC) has hydrgrglips on the surface and a
fibrous silica network with both mesopores and oypares. In addition to the relaxation

enhancement due to the surface hydroxyl groupsntiieased surface area due to the
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micropores leads to B relaxation time that is shorter than both BC ardI8BN
aerogels.

TheT; relaxation times of the isocyanate crosslinked aad base catalyzed
aerogels, X-AC and X-BC, are significantly loweaththeT; relaxation times of the
native samples. The shortened relaxation time éstduhe increased interaction of the
pore liquid with the surface of the pores. Althoulyb relaxation times of X-AC and X-
BC are close, the change in the relaxation timth®base catalyzed sample was larger
than that of the acid catalyzed sample. The nditage catalyzed aerogels consists of a
particulate structure with mesopores. The polymesslinking on the base catalyzed
aerogel forms a layer onto the particulate strecturd the mesoporous structure is
retained. The acid catalyzed aerogel consistdibfeus network with both mesopores
and micropores. Polymer crosslinking on the actdlgaed aerogels forms a coating on
the fibers but fills the micropores in the procelse crosslinking results in significantly
decreasing the available surface area for intenadti the acid catalyzed aerogel. The
larger decrease in surface area for crosslinketl@talyzed aerogels compared to the
decrease in surface area for crosslinked baseyzathherogels results in a lower impact
on the relaxation enhancement.

The aerogels crosslinked with methylmethacrylat stgrene all have shorter
relaxation times than the native Si-AIBN aerogehfrwhich they were prepared. The
decreased relaxation time indicates an increagechittion of the pore liquid with the
surface of the aerogel after crosslinking. In congaa to therl; relaxation time of the
isocyanate crosslinked aerogels, Theelaxation times of the MMA and styrene
crosslinked aerogels is longer than for the isoat@nrosslinked aerogels. The main
factor is likely the polarity difference betweeretholymers. The aerogels crosslinked
with MMA and styrene are much less polar than #gr@gels crosslinked with isocyanate.
An additional factor that could affect the relagattimes is the flexibility of the
crosslinking polymer. The isocyanate crosslinkisgniuch more rigid than the MMA and
styrene crosslinking. Relaxation times are relébeithe mobility of molecules, the less
mobile a molecule is the shorter the relaxatioretiitherefore, the pore liquid interacting
with the less mobile isocyanate crosslinking shaaldx faster than the pore liquid

interacting with the more mobile MMA and styrenesslinking.
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Considering the results of the acid and base cadlgerogels, native and
isocyanate crosslinked, it is not a surprise thaft relaxation time of all of the MP4
aerogels decreases significantly when crosslinkédisocyanate. All of the MP4
aerogels are prepared with a templating agent atidvarying amounts of a swelling
agent. The amounts of the templating and swellgenafor each aerogel can be found in
Table 3.1. An increase in the amount of swellingrageems to indicate that the pores
would be larger and there would be less relaxaimancement, but the amount of
swelling agent is not strictly related to the psize. The native MP4, MP4-T065, and
MP4-T310 aerogels all have mesopores and macrgpeheseas the native MP4-T045
and MP4-T200 aerogels only have macropores. Dtleetoombination of macropores
and mesopores, the native MP4, MP4-T065, and MPB E&rogels should have higher
surface areas than the MP4-T045 and MP4-T200 aerogpch contain only
macropores. Although the surface nature of alhefriative MP4 aerogels should be
comparable, the difference in available surfaca &wethe pore liquid to interact is
different. The higher available surface area of\ti&4, MP4-T065, and MP4-T310
aerogels leads to shorter relaxation times thamiRé-T045 and MP4-T200 aerogels.

4.3. POROSITY

The porosity of an aerogel is generally calculdtech the bulk and skeletal
density of the gel, as shown in Equation 10. Howee porosity can also be
determined from NMR intensities of the bulk fluiddapore fluid as shown in Equation
11. Table 4.3 lists the pore and bulk intensit@ssfach gel and the porosities calculated
from these measurements.

The porosities of the native base catalyzed aesp8€ and Si-AIBN, are similar,
both are highly mesoporous and the AIBN surfaceifivadion does not have an effect
on the porosity. Although the native acid catalyaetbgel, AC, contains micropores and
mesopores, the overall porosity is comparabledmttive base catalyzed aerogels. The
porosity of the isocyanate crosslinked aerogel&\CXand X-BC, are also comparable,
although the porosities are reduced significantijpared to the native aerogels. The
large change in porosity due to isocyanate crdgslinseems contrary to the explanation

that crosslinking results in a thin conformal cogtof polymer. However, the MMA and
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styrene crosslinking seems to fit more reasonabtie thin conformal layer explanation,

where the MMA and styrene crosslinked aerogels balye a reduction in porosity of

about 15 % as opposed to the 45-50 % change irsippedter isocyanate crosslinking.

Table 4.3. Porosities calculated from NMR Intaesiof pore fluid and bulk fluid

PoreFluid Bulk Fluid
Aeroge Intensity Intensity Porosity (%)
BC 573,000 + 1,000 621,000 + 14,000 92.3
X-BC 470,000 = 8,000 1,018,000 + 7,000 46.2
AC 451,000 % 9,000 485,000 £ 10,000 92.9
X-AC 454,000 = 10,000 1,075,000 + 9,000 42.3
MP4 318,000 + 6,000 485,000 + 3,000 65.6
X-MP4 339,000 + 77,000| 699,000 + 190,000 48.5
MP4-T045 600,000 + 29,000 650,000 + 59,000 92.4
X-MP4-T045 264,000 + 76,0000 669,000 + 210,0p0 39.4
MP4-T065 285,000 + 12,000 473,000 £ 5,000 60.3
X-MP4-T065 341,000 £ 3,000 1,073,000 £+ 12,000 31.8
MP4-T200 591,000 + 25,000 611,000 + 17,000 96.7
MP4-T310 344,000 + 10,000 450,000 + 6,000 76.3
X-MP4-T310 150,000 + 12,000 455,000 + 5,000 33.0
Si-AIBN 538,000 + 25,000 569,000 + 45,000 94.6
50% MMA 307,000 + 53,000 377,000 + 3,00( 81.3
50% styrene 343,000 + 28,000 428,000 £ 5,000 79.9
75% styrene 313,000 + 68,000 401,000 = 11,000 77.9

The native MP4-T045 and MP4-T200 aerogels are npacons aerogels and
have very high porosities. The MP4-T200 aerogplépared using more swelling agent,
and does have a slightly higher porosity. The eakiNP4, MP4-T065, and MP4-T310 all

have mesopores and macropores. The native MP4,TWB3; and MP4-T310 have
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lower porosities than the templated gels with angcropores. However, as with the
macroporous gels, an increase in the amount ofiggelgent also increases the porosity.
Similar to the native AC and BC, all of the templhterogels have a significant decrease
in porosity after crosslinking with isocyanate. Agahe significant change in porosity
after crosslinking conflicts with the explanatidrat a thin conformal layer of polymer is

added by crosslinking.

4.4. PORE SIZE

Pore size is related to the surface-to-volume mattim porous material. The
surface areas of several of the aerogels were mezhasing nitrogen adsorption/
desorption using the BET method. BET surface angaes not available for the X-BC,
MP4-T065, X-MP4-T065, and MP4-T200 aerogels. Théase area of a porous material
along with the bulk density and porosity can bedusecalculate the surface-to-volume
ratio as shown in Equation 18. The surface-to-v@uatios of several of the aerogels
were calculated and are listed in Table 4.4.

A pore shape must be assumed in order to relatsutfi@ce-to-volume ratio to a
pore size. A spherical shape is often assumedhenpdre radius is calculated. The pore
size is generally of interest as related to thesjpart of fluids in porous media. The
specific shape of the pore is not critical wherdging the transport of fluid within
porous media. The transport of fluid within porensdia is instead generally related to
the hydraulic radius of the porous media. The hylitaadius is equal to the volume-to-
surface ratio, or the inverse of the surface-taswad ratio. The relationship between the
hydraulic radius and the surface-to-volume ratio loa extracted from the combination
of Equations 14 and 16. The hydraulic radius oheserogel was determined from each
surface-to-volume ratio and are shown in Table 4.5.

Although the hydraulic radii calculated for theimatAC and BC fall into the
macroporous range, the radii are relatively closthé expected mesoporous range. Also,
the AC aerogel is smaller as expected considehiagricropores that would reduce the
average radius of the aerogel. The radius of th&IBIN aerogel is found to be
significantly higher than the BC aerogel, althotigé radii of the Si-AIBN and BC

aerogels are expected to be comparable. The raflthe X-AC aerogel is found to be
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much smaller than the native AC aerogel. The X-&fgel is expected to retain its
mesopores after crosslinking, but both the low pibyaand the low hydraulic radius

suggest otherwise.

Table 4.4. BET surface areas and surface-to-vohates
(*BET surface areas and bulk densities were meddwyesudhir Mulik)

Bulk Density* BET Surface Area* | Surface-to-Volume

Aerogel (glem®) (m?g) Ratio (nm™)
BC 0.169 + 0.004 997 0.0141
X-BC - -

AC 0.331 + 0.008 714 0.0180
X-AC 0.522 + 0.004 109 0.0778
MP4 0.299 + 0.003 563 0.0882
X-MP4 0.755 + 0.017 5.36 0.00430
MP4-T045 0.367 £ 0.003 612 0.0185
X-MP4-T045 0.663 + 0.006 2.96 0.00301
MP4-T065 - -
X-MP4-T065 - -
MP4-T200 - -
MP4-T310 0.189 + 0.003 554 0.0324
X-MP4-T310 0.584 + 0.003 1.31 0.00155
Si-AIBN 0.189 + 0.005 973 0.0105
50% MMA 0.807 £ 0.047 46.05 0.00855
50% styrene 0.325 + 0.008 183.4 0.0150
75% styrene 0.333+0.014 160 0.0151

The native templated aerogels were all determiodthtve fairly small hydraulic
radii. This is contrary to what is expected for mpgporous materials. An even more

problematic result is that the crosslinked templa@mples all have very high calculated
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radii, all significantly larger than their nativeunterparts. Similarly, the 50 % MMA and
75 % styrene aerogels also were found to haveraagé than their native counterpart.
These results lead to the conclusion that the agilaxx effects in the crosslinked samples

are more complex than are being accounted for iircalgulations.

Table 4.5. Hydraulic radii calculated from surfdoevolume ratios

Aeroge Hydraulic Radius (nm)
BC 70.8
X-BC -
AC 55.7
X-AC 12.9
MP4 11.3
X-MP4 232
MP4-T045 53.9
X-MP4-T045 332
MP4-T065 -
X-MP4-T065 -
MP4-T200 -
MP4-T310 30.8
X-MP4-T310 644
Si-AIBN 95.5
50% MMA 117
50% styrene 66.7
75% styrene 662

The surface-to-volume ratio and NMR relaxation snean also be used to
determine the surface relaxivity parameter of psnmedia according to Equation 14.

The surface relaxivity for each aerogel was catealand are listed in Table 4.6.
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Table 4.6. Surface relaxivities from surface-tduwvoe ratios

Aeroge Surface Relaxivity (nm/s)
BC 1.17
X-BC -
AC 2.99
X-AC 9.37
MP4 3.29
X-MP4 170
MP4-T045 4.22
X-MP4-T045 255
MP4-T065 -
X-MP4-T065 -
MP4-T200 -
MP4-T310 5.93
X-MP4-T310 804
Si-AIBN 2.78
50% MMA 11.8
50% styrene 6.63
75% styrene 8.30

The surface relaxivity is expected to be relateth&onature of the surface. The
native BC, AC, and Si-AIBN all have different swréafunctionality, so they are not
easily compared. The surface of the native temglséenples should be the same, but the
calculated values of surface relaxivity are noyv@ose to one another. The samples
crosslinked with isocyanate also have very diffemaiculated values of surface
relaxivity. These results also indicate that thereomething more complex than is being
accounted for in our calculations. One possibldl@m with our calculations of surface-
to-volume, hydraulic radius, and surface relaxigityld be due to the reliance on the
specific surface area of the aerogels using nitr@gksorption/desorption. Nitrogen can
access pores down to 0.7 nm, but is only estimatsde pores smaller than 50 nm [27].

So this method may not be sufficient for the aelofet are truly macroporous.
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5. CONCLUSIONS

T,- andT-weighted relaxation profiles of porous aerogely ina obtained by
adding a one-dimensional NMR gradient-recalled antaping sequence to the end of
standardl; andT; relaxation pulse sequences. The relaxation psofigen be used to
determine the porosity of the aerogel in additmextracting thd; andT, relaxation
times of the fluid within the pores of the aerodelrelaxation times were found to relate
to both the crosslinking polymer and the underlyaegogel structure.

T, relaxation times of the pore filling fluid wereryeshort, on the order of
milliseconds to tens of milliseconds. The shibrtelaxation time is due to the fast
diffusion of the fluid and the inhomogeneities lire tmagnetic field within the aerogel.
The small dynamic range &% relaxation times was not sufficient to yield infaation
about the pore size and structure of the aerogels.

T, relaxation results from various native aerogetsash relationship between the
aerogel structure and tfie relaxation time. Compared to the native base yzddl
aerogels, the native acid catalyzed aerogels areikno have a smaller average radius
due to a significant amount of micropores. Thevea#icid catalyzed aerogels were found
to have shortef; relaxation times than the native base catalyzenaés. The shortened
relaxation time is attributed to the increasedaefarea, resulting in a larger fraction of
fluid molecules interacting with the surface.

Surface interactions were shown to play a largkeriroenhancing the relaxation
time than the surface area of the aerogel. Polymuesslinking reduces the surface area of
the aerogel by filling in and blocking microporesdasmoothing the surface of larger
pores. The reduction in surface area reduces tmbeuof fluid molecules that can
interact with the pore surface. In general, theictidn of available surface leads to an
increased mobility and a longer relaxation timee Dpposite effect was observed for
polymer crosslinked aerogels, the relaxation tinas shortened after crosslinking. The
reduced relaxation time is due to the increasateraction between the fluid molecules
and the polymer crosslinked surface. One factdrldzals to increased interaction is
larger dipole-dipole interactions between the paywrosslinked surface and the fluid

molecules. Another factor that will reduce the xal#on time is swelling of the polymer
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crosslinking. Swelling of the polymer crosslinkiogn be thought of as increasing the
available surface area for the fluid moleculesteract. The fluid within and near the
polymer crosslinking will be hindered and have arshelaxation time, so there will be a
larger fraction of molecules relaxing quickly asfane molecules.

Overall theT; relaxation times for the crosslinked aerogels veggaificantly
shorter than th&; relaxation times for the native aerogels. Theelaxation times were
enhanced due to the increased interactions althtihegburface area of the crosslinked
aerogels was decreased. There was also a differetioe extent off; relaxation time
enhancement relative to the crosslinking polymée iBocyanate crosslinking lead to a
significant decrease in thig relaxation times, the relaxation times were redunga
factor of about 4 for most aerogels crosslinkedhwgbcyante. Thé&; relaxation times for
the aerogels crosslinked with MMA and styrene vadse shorter than the relaxation
times of the native aerogels. Therelaxation times from the isocyanate crosslinked
aerogels were decreased more than the relaxatias from the MMA and styrene
crosslinked aerogels. The increased enhancematititsuted to the more rigid and
higher polarity of the isocyanate crosslinking amparison with the MMA and styrene.

Unfortunately, relating NMR relaxation times to paize will require an
independent measurement of either surface araarface relaxivity. Methods of
measuring surface area of porous materials aregbnkmited to specific size ranges
and would require the use of multiple techniquesfte sample. The use of multiple
techniques for one sample is inconvenient and damsuming. Surface relaxivity is also
problematic. There are not tabulated values ofserfelaxivities and there is not a
simple method of measuring surface relaxivitiesfa&e relaxivities are specific to the
pore surface in a given sample. The functionatltg, thickness, and the extent of

swelling are all elements that can affect the srfalaxivity.
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6. FUTURE WORK

The results of this study show potential for udNigR as a tool to measure
porosity and pore size of aerogels. There are caadbat will require further
investigations.

The porosities were obtained after submerging #énegels into acetone and
allowing time for the fluid to penetrate the poréke extent of pore filling was not
confirmed and could have led to erroneous resaitpdrosity. UV fluorescence and X-
ray scattering experiments will be performed tookhihe extent of pore filling. In
addition, after submerging the aerogels in fluid alowing time for the fluid to
penetrate, the samples will be put under vacuuradace the surface tension and
capillary forces within the unfilled pores.

Results of the current study are inconclusive watpect to pore sizes. In order to
relate the relaxation times with the pore sizethefaerogels more experiments must be
conducted. The results of the current study relgunface areas measured using nitrogen
adsorption/desorption using the BET method. The igda be able to use NMR as an
independent tool to measure pore size. In ordaséoNMR independently for the
measurement of pore sizes the surface relaxivitytioe known. Measurement of surface
relaxivity will require numerous additional expegnts to study the interaction of fluids

with various surfaces.



APPENDIX A.
T1-WEIGHTED RELAXATION PROFILES ANDT; RELAXATION TIMES
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APPENDIX B.
PULSE PROGRAMS



ProfGradEchoT1

#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>

"p2=p1*2"
"d11=30m"
"d28=d20-d27"
1ze
d11 UNBLKGRAD
2d1
; --- inversion ---
p2:f1 ph2
; --- recovery ---
d19
pl phl
d20
; --- CPMG loop (n-2 pulses) ---
3d20
p2 ph2
d20
; --- first gradient pulse ---
; --- and last CPMG pulse ---
d27 gronl
d28 groff
p2 ph2
d28
--- profile acquisition ---
d21 gronl
ACQ_START
aqg DWELL_GEN
5u groff
rcyc=2
; --- write file and exit ---
400m wr #0
d11 BLKGRAD
exit

ph1=00221133
ph2=13130202
ph30=0
ph31=00221133

;pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5* T1

;d11 : delay for disk I/O [30 ms]

;d15 : variable echo time

;d21 : read grad. stab. delay [min. 250u)

;d27 : phase-encoding grad. length

;gpz1 : phase-encoding grad. amplitude

;gpz2 : read grad. amplitude

iNS:1lor2*n

;DS: 0 or 4-8
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ProfGradEchoT1MPT

#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>

"p2=p1*2"
"d11=30m"
"d28=d20-d27"
1ze
d11 UNBLKGRAD
2d1
; - pulse train ---
4vd
pl:fl ph3
1u ivd
lo to 4 times 11
; --- recovery time and 90 degree pulse ---
d19
pl phl
; --- first gradient pulse ---
d27 gronl
d28 groff
p2 ph2
d28
--- profile acquisition ---
d21 gronl
ACQ_START
aqg DWELL_GEN
5u groff
rcyc=2
; --- write file and exit ---
400m wr #0
d11 BLKGRAD
exit

ph1=000000002222222211111 131381333333
ph2=1111333311113333000022D0D02222
ph3=0213

ph30=0

ph31=00000000222222221111 111313333333

;pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5* T1

;d11 : delay for disk I/O [30 ms]

;d15 : variable echo time

;d21 : read grad. stab. delay [min. 250u)

;d27 : phase-encoding grad. length

;gpz1 : phase-encoding grad. amplitude

;gpz2 : read grad. amplitude

iNS:1lor2*n

;DS: 0 or 4-8
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ProfGradEchoT 1M PTwdelay

#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>

"p2=p1*2"
"d11=30m"
"d28=d20-d27"
1ze
d11 UNBLKGRAD
2d1
; --- pulse train ---
4vd
pl:fl ph3
1u ivd
loto 4 times 11
; --- recovery time and 90 degree pulse ---
d19
pl phl
; --- T2 relaxation of polymer ---
d2
; --- first gradient pulse ---
d27 gronl
d28 groff
p2 ph2
d28
; --- profile acquisition ---
d21 gronl
ACQ_START
aqg DWELL_GEN
5u groff
rcyc=2
; --- write file and exit ---
400m wr #0
d11 BLKGRAD
exit

ph1=000000002222222211111 13131333333
ph2=111133331111333300002200D02222
ph3=0213

ph30=0

ph31=00000000222222221111 111313333333

;pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5* T1

;d11 : delay for disk I/O [30 ms]

;d15 : variable echo time

;d21 : read grad. stab. delay [min. 250u)

;d27 : phase-encoding grad. length

;gpz1 : phase-encoding grad. amplitude

;gpz2 : read grad. amplitude

iNS:1lor2*n

;DS: 0 or 4-8
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ProfGradEchoT1PT

#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>

"p2=pl*2"
"d11=30m"
"d28=d20-d27"
1ze
d11 UNBLKGRAD
2d1
; - pulse train ---
4 .d17
pl:fl phl
lo to 4 times 100
; --- recovery time and 90 degree pulse ---
d19
pl phl
; --- first gradient pulse ---
d27 gronl
d28 groff
p2 ph2
d28
--- profile acquisition ---
d21 gronl
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit ---
400m wr #0
d11 BLKGRAD
exit

ph1=00221133
ph2=13130202
ph30=0
ph31=00221133

;pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5* T1

;d11 : delay for disk I/O [30 ms]

;d15 : variable echo time

;d21 : read grad. stab. delay [min. 250u)

;d27 : phase-encoding grad. length

;gpzl : phase-encoding grad. amplitude

;gpz2 : read grad. amplitude

iNS:1lor2*n

;DS: 0 or 4-8
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ProfileGradEcho

#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>

"d11=30m"
"p2=2*p1"
1ze

d11 UNBLKGRAD
2d1
--- preparation pulse ---
pl:fl phl
--- first gradient pulse ---
d27 gronl
5u groff
--- evolution time ---
di5
--- profile acquisition ---
d21 gron2
ACQ_START
aqg DWELL_GEN
5u groff
rcyc=2
--- write file and exit ---
400m wr #0
d11 BLKGRAD
exit

ph1=00221133
ph2=13312002
ph30=0
ph31=00221133

;pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5* T1

;d11 : delay for disk I/O [30 ms]

;d15 : variable echo time

;d21 : read grad. stab. delay [min. 250u)

;d27 : phase-encoding grad. length

;gpzl : phase-encoding grad. amplitude

;gpz2 : read grad. amplitude

iNS:1or2*n

;DS: 0 or 4-8
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ProfileGradEchoCPM G

#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>

"p2=pl*2"
"d11=30m"
"d28=d20-d27"
"d19=d20-p2/3.1415"
1ze
d11 UNBLKGRAD
2d1
; --- preparation pulse ---
pl:fl phl
; --- first CPMG pulse with shortened first delay -
; --- according to Huerliman, MRI 19 (2001) 375-3%8
d19
p2 ph2
d20
; --- CPMG loop (n-2 pulses) ---
3d20
p2 ph2
d20
lo to 3 times 2
; --- first gradient pulse ---
; --- and last CPMG pulse ---
d27 gronl
d28 groff
p2 ph2
d28
; --- profile acquisition ---
d21 gronl
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit ---
400m wr #0
d11 BLKGRAD
exit

ph1=00221133
ph2=13130202
ph30=0
ph31=00221133

;pl1 : f1 channel - power level for pulse (default)

;pl : f1 channel - 90 degree high power pulse

;d1 : relaxation delay: 1-5* T1

;d11 : delay for disk I/O [30 ms]

;d15 : variable echo time

;d21 : read grad. stab. delay [min. 250u)

;d27 : phase-encoding grad. length

;gpzl : phase-encoding grad. amplitude  ;gp®2d grad. amplitude
NS:1or2*n ;DS: 0 or 4-8
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ProfileGradEchoPFG

#include <Avance.incl>
#include <Grad.incl>
#include <De.incl>

"p2=pl*2"
"d11=30m"
"d28=d20-d27"
"d19=d20-p2/3.1415"
1ze
d11 UNBLKGRAD
2d1
; --- preparation pulse ---
pl:fl phl
; --- first gradient pulse ---
; --- and last CPMG pulse ---
d27 gronl
d28 groff
p2 ph2
d20
d20
p2 ph2
d20
d20
p2 ph2
d28
; --- profile acquisition ---
d21 gronl
ACQ_START
aq DWELL_GEN
5u groff
rcyc=2
; --- write file and exit ---
400m wr #0
d11 BLKGRAD
exit

ph1=00221133
ph2=13130202
ph30=0
ph31=00221133

;pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - 90 degree high power pulse
;d1 : relaxation delay: 1-5* T1

;d11 : delay for disk I/O [30 ms]

;d15 : variable echo time

;d21 : read grad. stab. delay [min. 250u)

;d27 : phase-encoding grad. length

;gpz1 : phase-encoding grad. amplitude

;gpz2 : read grad. amplitude

iNS:1lor2*n

;DS: 0 or 4-8
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zgdelayed

29
;avance-version (00/02/07)
;1D sequence

#include <Avance.incl>

1ze
2d1
pl phl
d2
go=2 ph31
wr #0
exit

ph1=02201331
ph31=02201331

;pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - high power pulse
;d1 : relaxation delay; 1-5* T1

;$1d: zg,v 1.6 2000/05/08 11:41:13 eng Exp $
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