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Aerogels represent a class of novel open-pore materials with high Py p. g8
surface area and nanometer pore sizes. They exhibit very low mass a ¢
densities, low thermal conductivity, good acoustic insulation, and
low dielectric constants. The materials have potential applications II
in catalysis, advanced separation techniques, energy storage, I
environmental remediation, and as thermal insulators. Organic - (S
aerogels are stiffer and stronger than silica aerogels and are better — .
insulators with higher thermal resistance. Resoreifiotmaldehyde R
(RF) aerogels are typically prepared through the base-catalyzed sol A
gel polymerization followed by drying in supercritical G& The
[resorcinol]/ [catalyst] R/C) ratio of the starting setgel solution
has been determined to be the dominant factor that affects the
properties of RF aerogels. Since the unique microstructures of
aerogels are responsible for their unusual properties, characterizing
the detailed porous structures and correlating them with the
processing parameters are vital to establish rational design principles woe 2 w
for novel organic aerogels with tailored properties. In this com-
munication we report the first use of hyperpolarized (HPXe
NMR to probe the geometry and interconnectivity of pores in RF
aerogels and to correlate these with synthetic conditions. Our work
demonstrates that HP°Xe NMR is thus far the only method for
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accurately measuring the free volume-to-surface-avgi®)(ratios ¢
for soft mesoporous materials without using geometric models.
RF aerogels with/C ratios of 50, 100, 200, 300, and 500 were
prepared following procedures described previotidhiXe continu- | B——
ous flow (CF) HP NMR spectra taken at room temperature for all e T 1o i @ & 40
samples show two signals in addition to the gas line near O ppm. Figure 1. (a) CF HP12%Xe NMR spectra for RF aerogels prepared with
Figure la displays a representative spectrum for RF Rith = anR/C ratio of 300. (b-d) CF HP 2D EXSY!?°Xe NMR spectra for RF

; ; ; ; aerogelsR/C = 300) recorded withr as indicated. All spectra were obtained
300. On th}? :as'i.cf’[f the rT"’;]gn't”de of the Chem'cal.sh'ftsrfcﬁ) an dd at 293 K with a HP Xe flow rate of 45 sccm. (€) GFXe Chemical Shift
V?”at'on of the shifts with the _temperature, we attribute the broa image of Xe in cylindrical block of RF aerogd®/(C = 300). Intensity profile
signal at 140 ppm to the micropores formed by agglomerated shown on the left is taken through the center of the image.
polymer particles and a narrow signal at 90 ppm to the mesopores.
12%5¢e 2D EXSY spectra (Figure Hhd) reveal the interconnectivity ~ shapes of the signals. The diagonal signals from the gas phase and
between different adsorption regions.#Xe 2D EXSY experi-  from adsorbed xenom{90 ppm) each have 2D line shapes with
ments3—6 the exchange between regions with different CSs cylindrical symmetry. This, however, is not the case for the broader
manifests itself in the appearance of cross-peaks between the signal§omponent which appears as a long and narrow ridge. This feature
from the sites in exchange. The intensities of the cross-peaks areindicates a broad distribution of adsorption sites with very slow
proportional to the exchange time) Get in the experimental pulse ~ €xchange between different parts of this subset. Overall, the
sequence. For the sites without exchange, or when the exchangé)bserved evolution withr clearly indicates a hierarchical set of
time 7 is set to zero, only intensity on the main diagonal will appear €xchange processes. The exchange of Xe gas follows the sequence
in the spectrum. As expected, with= 0 the signals appear only ~ (from fastest to slowest): mesopores with free gas, gas in meso-
on the main diagonal. Off-diagonal intensities, however, appear evenand micropores, free gas with micropores, and finally, among
at7 = 0.5 ms and become quite pronounced with 1 ms. The micropore sites. This order is a good indication of a rather
2D EXSY spectra show that on a time scale of a few milliseconds omogeneous distribution of micropores throughout the material
there is exchange between all the adsorption regions and xenon invhere large micropore domains do not exist as isolated entities. In

the gas phase. However, there is a striking difference between theSUch cases the accessible micropores are always open either to
mesopores or to free xenon, and obviously it takes longer for a

 Pacific Northwest National Laboratory xenon atom to exchange between two different micropores than
*Lawrence Livermore National Laboratory. between micropores and mesopores or free gas.
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c A 40 B { the pores can incread%/S by no more than a factor of 2Even
8100 s more advanced models, i.e., a globular model with quite open void
= 301 spacel? is unlikely to account for such a large span\4fS as
g 801 g.zo- [ { observed in the present study. The ratiotatfal free volume to
§ 604 g total surface area obtained from, Bdsorption data (Figure 2B and
% ~ 10 { 3 Supporting Information) displays a weaker correlation withRf@
g 401 qi ¢ ratio than thevy/S of themesoporous spacampled by Xe atoms,

200 Tzfr?]perastése Kséo 400 O 0 200 30 #0500 indicating that theR/C ratio has a large effect on the mesoporous

e region.

Figure 2. (A) The2%Xe chemical shift plotted as a function of temperature g']I'he increase iny/S with R/IC in the current system is mainly
go(;(;)r?engrrsog;/i ds'ggfsl Z:E'ggpfé%méﬂfar’ dﬁ?gﬁ;;}g?%ﬁ%ﬁ%& due to a decrease in the surface of the accessible void space and
NMR spectra recorded at 20 K intervals, and the solid line is the fit using N0t due to a decrease in the density of the material. Although the
eq 1. (B) The volume to surface-area ragS as a function oR/C ratios catalyst concentration does have some effect on the density, the

from Xe NMR (@) and N> adsorption dataQ). latter parameter does not correlate WRIC the same way a¥y/S

and, in fact, is practically constant for &iC ratio above 100!

This implies that for materials prepared with smalRC ratios

the framework will be composed of smaller particles and the

accessible voids on the average will be smaller, providing a higher

surface area. If the average density remains nearly the same, then

bulk of aerogel. an increase iVy/Swith R/C indicates large average particle sizes
Tgmperature-dependent CS data can be used. to extract.the(and smaller surface area), and on average larger voids as well.

physical parameters related to the adsorption properties of materlals.These conclusions agree well with TEM data for RF aerogels

Variations in the!?°Xe CS’s with temperature for the mesopore prepared with differeni/C ratios??

component in the spectra are summarized in Figure 2A. The In conclusion, we have demonstrated that ¥Xe NMR is an

observed chqnges are characteristic of the ph_yS|caI adsorpthn Ofiyeal means for assessing the volume-to-surface-g§) (atios
xenon on solid surfaces, as observed before in numerous micro-

q (oridl80 fit the t ture-d dent of mesopores in organic aerogels without using any geometric
and mesoporous materl ne can fit the temperature-dependent -, ,4o15 Both this ratio and the Xe exchange data provide important

CSdatato e).(tract the parameters related to thg adsprptiop propertieﬁ]sigh,[s into the geometry and the interconnectivity of the nano-
of the ’T‘ate”a'§- In the fast exchange approximation with weak 5 mesoporous spaces in these soft materials. Once again this
adsorption the temperature dependence of the observedl fGIS demonstrates the power and complementarity of P#Re NMR

arbitrary pores can be expressedf as: spectroscopy versus conventional techniques in providing new
insights into pore structure.

Acknowledgment. This work was partly supported by the
Division of Materials Sciences, Office of Basic Energy Sciences
and Engineering, U.S. Department of Energy (USDOE). Pacific
Northwest National Laboratory is a multiprogram national labora-
tory operated for the USDOE by Battelle Memorial Institute under
Contract DE-AC06-76RL0 1830.

Supporting Information Available: Physical properties of RF
aerogels. This material is available free of charge via the Internet at
http://pubs.acs.org.

The homogeneity of distribution of the mesopores in the aerogels
can be tested directly using GFPXe chemical shift imagind,as
shown in Figure le. The evenness of the profile clearly indicates
uniformity of distribution of the mesoporous spaces throughout the

_ Vo o AHaerT

0=0J1+ SKOR_I_e Q)
whereVy is the free volume inside the aerog@ls a specific surface
area Ky is the pre-exponent of Henry’s constaRtis the universal
gas constantAHgsis the heat of adsorption ard is the12%Xe CS
characteristic of the surfackéy was found from Xe adsorption data
(Supporting Information), ands, AHags andVy/Swere then deter-
mined from fits of the variable temperature mesopore CS measure-
ments to eq 1, as shown in Figure 2A. All observed,qis are
close to 20 kJ/mol, consistent with physical adsorption of ).
are similar for all the samples and comparable to those normally
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