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Effect of Gas Antisolvent on Conformation of Polystyrene in Toluene:
Viscosity and Small-Angle X-ray Scattering Study
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ABSTRACT: Synchrotron radiation small-angle X-ray scattering (SAXS) and the viscosity technique were
used to investigate the effect of dissolved CO; in toluene on the confermation of polystyrene (PS) in the
solution. The viscosity of PS solution decreases faster with increasing antisolvenit CO; pressure than
that of the solvent in the absence of the polymer. The intrinsic viscosity [y] calculated using the well-
known Huggins equation decreases with antisolvent pressure. It was found that the second virial coefficient
Az and the apparent mean-square radius of gyration {R,2" decreases with pressure of antisclvent COz,
All these phenomena can be attributed to the shrink of PS chain In the course of adding the gas antisolvent
because the interaction between the palymer and solvent becomes weaker. The values {R,%'72 at different
pressures oblained from SAXS data agree reasonably with those calculated from Flory theory using the
viscosity data determined in this work, This implies that Flory theory, which has been used widely for
the solutions of polymers in liquid solvents, is alse applicable to the polymer solution with gas antisolvent,

Introduction

Compressed fluids, including supercritical flulds, have
been used in polymer separation and purification pro-
cesses such as extraction and fracttanation,! impregna-
tion of po!grmers with additives. and conditioning poly-
mer films 23 Recently, several innovative processes have
been developed which utilize compressed fluids in the
preduction of advanced polymeric materials such as
microcellular foams, gels, fibers, and particles.4% CQ,
is a desirable solvent for polymer processing since it is
nantoxic, nonflammable, and inexpensive. After pro-
cessing, COz can be removed from the polymers com-
pletely simply by decreasing the pressure.

The use of compressed CO; for fine particle formation
is a rapidly developing field of research.! The gaseous
antisolvent {GAS) process is ene of the most important
ones.® The possibility of obtaining solvent free micro-
particles with narrow size distribution makes this
technology especially attractive, The basis of GAS
technigue’ is that a dense gas is generally sotuble in
organic solvents and in solutions with the solutes.
Dissolution of gas causes a volume expansion of the
solvent and lowers solvent power, which forces the
solute to precipitate. Because of the high and uniform
degree ol supersaturation, smatil particles with a narrow
size distribution can be obtained. Mareover, it is possible
to extract all the selvent in the products, and to abtain
solvent-free product. To date, GAS processes have been
successfully used in the recrystailization of organic
salids,®? the fractionation of natural products,'®! the
preparation of ultrafine particles et al.™'2~2 Since only
a few kinds of polymers have been found to be salubie
in compressed C(;,2% compressed CO; can also be used
as an environmentally benign antisolvent for processing

* To whom rorrespondence should be addressed. E-mail: Hanbx@®
pplas icas.ac.en. Telephone: (8610)-62562621. Fax: (8610) 62559373,

most polymers. Some related papers have been pub-
lished,!3=22 and they were mainly focused on how the
operating parameters affect the properties of the prod-
ucts. We are very interested in the polymer conforma-
ton in GAS process, since the solubility of a gas in an
organic solvent can be tuned by pressure and temper-
ature, accordingty, the polymer morphalogy be tailored.
The investigation to this problem has both practical and
theoretical importance.

It is well-known that small-angle X-ray scattering
(SAXS) and viscosity measurement are useful tech-
niques for studying polymer solutions. In one hand,
SAXS can provide information about apparent mean-
square radius of gyration {&,%'? and the second virial
coefficient {4p), which are related to the conformation
of the poelymer and intermolecular interaction in the
solution, respectively.?? Some papers have been pub-
lished for studying polymer solutions by SAXS in the
absence of gas antisolvent.*% Qn the other hand,
evaluation of intrinsic viscasity, 5], can provide valuable
information on the changes in the solvent—polymer
interactions as the system conditions are changed. An
important quantification of this relationship is given by
the dilute solution theory of Flory,* which shows that
[7] at a giver: molecular weight Is dependent on {F2)12.
The effects of temperature, pressure, solvent quality,
concentration, chain architecture, and molecular weight
upon both (R5HYW and [7] have been explored by
extensive theoretical efferts and many experimental
studies.*~¥ There have also been a numnber of previous
high-pressure studies on polymer solutions in the
absence of pas antisolvent, which involve [p], (&2},
(A2}, and hydrodynamic radius (8).37-4! Generally,
viscosity of a pelymer sclution increases with hydro-
static pressure-(typically &~ 20% per kbar) 3710 The
radius of gyration, however, shows no consistence trend
with pressure.?! and it may either increase or decrease

10.1021/mall014463 CCC: $20.00 @ 2001 American Chemical Society
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with increasing pressure in good solvent. One of the
most important and straightforward relationship was
between {K?2 and [5] as given by the theory of Flory:
31

[} = ¢ RH M (1)

Here ¢ = 6%2¢ & 3.7 x 1022 dL/mol-cm?, ¢ is the Flory
constant, {5172 is the radius of gyration, and Afis the
motecular weight.

In this work, SAXS and the viscosity technique were
used 1o study the conformation of polystyrene {PS) chain
in PS—toluene solution in the presence of antisolvent
CQO,. Nao quantitative study for the effect of a gas
antisolvent pressure on the conformation of polymers
in solutions was found in a literature survey.

Experimental Section

Materials. The polystyrene {(PS) (M, = 7.8 x 104 with
narrow molecular weight distribution of 1.1 was kindly sup-
plied by State Key Laboratory of Polymer Science, Institute
af Chemistry, Chinese Acadery of Sciences. Toluene (AR
grade) was produced by Beijing Chemical Factory. The PS5/
toluene solutions were prepared by the gravimetric method.
The original concentrations Go (COp-free) in our study were
4.6 % 1074, 6.9 % 1074, 107 x 1073,3.2 x 1073 and 9.2 x 107®
glem®.

Apparatus and Procedures for Volume Expansion and
Cloud Point Pressures. The apparatus consisted mainly of
a 30-ml. optical stainless steel cell, a magnetic stirrer, a
constant temperature water bath, a pressure gauge, a gas
cylinder, and a high-pressure pump. The accuracy of the
pressure gauge, which was composed of a transducer {FOX-
BORO/ICT) and an indicator, was £0.025 MPa in the pressure
range (—20 MPa. The temperature of the water bath was
controlled by a HAAKE F3 controller. The temperature was
determined using a platinum resistance thermometer (Beijing
Chaoyang Automatic Instrument Factory, XMT) with an
aceuracy of £0.1 K.

In a typical experiment, a sultable amount of PS/toluene
solution was loaded into the optical cell, and the cell was
stabilized at the desired temperature. CO; was charged into
the cell using the high-pressure pump until suitable pressure
was reached. The stirrer was started. At the beginning, the
pressure decreased and the volurne of the liquid increased with
time becatse of the dissolution of CQ;. The pressure remained
constant with time when equillbritim was reached. The volume
at eguilibrium conditlon was known by reading the gradua-
tions on the cell. Some polymer melecules precipitated when
the equilibrium pressure was high enough, which could be seen
clearly through the windows of the optical ceil. The cloud
pressure, which was defined as the pressure at which polymer
begins to precipitate, was determined.

Viscosity and Density Measurements. The high-pres-
sure apparatus for determining the viscosity and density of
the solution saturated with CO; is shown in Flgure 1, which
was strailar to that used previously.*2 The main differerxce was
that there was a falling slug viscometer”? between the view
cell and the liquld sample bomb, so the viscosity of the solution
could be determined at any antisolvent pressures. The viscosity
was calculated using the following well-known equation:

7= kip, ~ p)t {2)

3 Is the viscosity of the solution; ¢ denates the falling time of
slug; p, and p stand for the densities of the slug and selution;
k Is the instrument constant, The viscometer was calibrated
using 60, 40, and 20 wt % glycol In water and ethanol at 35
*C. k was determined from the slope of the plot of 5 vs (ps —
AL

In a typical experiment, a suitable amount of PS/toluene
solution was charged into the optical cell and the viscometer

Macromolecules, Vol 34, No. 7, 2007
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Figure }. Schematic dlagram of the experimental apparatus
for measuring solubllity of CO; In taluene, and viscosity and
density of the liquid phase. Key: (1) gas cylinder; (2} high-
pressure purmp: {3) solenoid circulation pump; (4) Uquid sample
bomb; {5} falling slug viscometer; (6) optical cell; (7) constant-
temperature bath; {8) pressure gauge, V1-V7 valves.

by vacuum. After the system had reached thermal equilibrium,
CO; was compressed into the system untll desired pressure
was reached. The solencid-operated circulation pump was
started to clrculate the vapor phase through the viscometer,
the celi. and the liquid sample bomb, We measured the fall
time of the slug about every 30 min, and the circulation pump
was stopped during the measurements. The equilibrium was
reached when the fall time of the slug did nat change with
time. The fall time was measured 10—15 times for each
equilibriwm conditiens, and the reproducibility was better than
+0.5%. The density of the solution at each condition was easily
known by the volurne and mass of liquid sample bomb. The
amount of COz in the liquid sample bomh was determined by
the PVT method.** The liquid composition was calculated on
the basis of total weight of the liquid sample and the weight
of CO; in the sample,

SAXS Experiments. The experimental apparatus for the
SAXS study was similar to that used for on-line FT-IR
measurement that was described in detail previously.*® Briefly,
the apparatus was consisted mainly of a gas cylinder, a high-
pressure pump, a digital pressure gauge, a high-pressure
SAXS cell, a thermometer, a temperature centroller, and
valves and fittings of different kinds. The pressure gauge as
described above, conslsted of a transducer [FOXBORC/ACT)
and an indicater. The schematic diagram of the temperature-
eontrolled SAXS cell is shown in Figure 2. It was composed
mainly of a stajuless steel body and two diamond windows of
8 mm in diameter and 0.4 mm in thickness. Diamond is an
excellent window materlal for SAXS studies because it has low
absorbance and low scattering power. The cell body was coiled
with an electric heater and heat-Insulate ribbon outside, which
is not shown in Figure 2. The X-ray path length of the cell
was 1.5 mm, and the internal volume of the cell was 2.7 em®,
There was a small magnetic stirver in the cell to stir the fluids
before the SAXS measurements, so that the equilibrium coutd
be reached in a shorter perlod of time, The insulated cell was
electrically heated to £0.1 K of the desired temperature by
using a temperature controller with a platinum resistance
temperature probe (model XMT, produced by Beljing Chaoyang
Automatic Instrument Factory}.

SAXS experiments were carried out at Beamiine 4B9A at
the Beijfing Synchrotron Radiation Facility, using a2 SAXS
apparatus constructed at the statlon. A detailed description
of the spectrometer was given elsewhere.* The detector can

-l
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Figure 2, Schematic diagram of the SAXS cell. Key: (1) ball
valve: {2} stainless steel body; (3} nut; (4) stirrer; {5) diamond
window; (6) thermometer probe.

be transiated along the vertical and horizontal axes in a range
of 30 mm with a precision of 10 gm. The experiments had an
angular resolution of better than 0.5 mrad with this setting.
The data accurmulation time was 3 min. The angular range
was chosen so as to provide data from A = 0.005 A-l to A=
0.15 A, where the magnitude of scattering vector &= 2x{sin
@)1, with 6 and 1 being respectively the scattering angle and
incident X-ray wavelength of 1.54 A. The distance between the
sample chamber and the detector was 1,52 m. Background
scattering from the slit colimator, the solvent. and the residual
air path hetween the vacuum chamber and the detector was
measured and subtracted. It should be mentioned that, for
each measurement. the solvent with antisolvent CO; at the
game temperature and pressure was used as the background
solvent, so that we could obtain the information on polymer
chain. Excess SAXS scattering from the PS sclute was also
corrected [or incident beam decay and transmission.

Before the experiment, SAXS cell was flushed with CO,, and
then suitable amount of PS/toluene solution was filled into the
cell. COz was charged into the cell with stirring at the
temperature of Interesting. The cell was connected to the SAXS
apparatus after the equilthrium was reached and the X-ray
scatrering was recorded, Moreover, the pressures investigated
were the same as those for viscosity study.

SAXS Data Processing, We are tnterested In the confor-
mation of polymer chain in solution in the presence of the
antisolvent. Its scattering curve is obtained by subtracting the
scattering of the solvent + antisolvent {background scattering)
frorn the scattering of the polymer + solvent + antisolvent
solution,

The scattering intensities L(h, €) measured as a function
of mementum transfer f1 and palymer concentration € of the
polymer, usually expressed in g/em?®, may be treated according
to Zimm and Flory and Bouche™

_KC __ 1
Iexp(h1c) Mw)'“(h) + ZAqu)C+ [3}

where K is the optical constant. 4; is the second virial
coefficient, M, 5 molecular welght of the dissclved polymer,
and L.{4) is the single particle scattering function. (X4 and
I.(f are normalized in such a way that [,{0) = 1 and X0} =
1. The first term in right side of eq 3 is merely due to
intramglecular interference, whereas the higher term reflect
the influence of the intermelecular interference.
From eq 3. if # — 0, we can also abtain the equation®

y KC__ 1
Jim TG =W {1+ 24,M,C+..) )

lrorm which the thermodynamic analysis of the dilute system
can be performed. If € — 0, we can obtain the equation?t

L _KC __ 1 _ 1 (R} )
1 =3 Ll e
LT R AT R A UM ©)
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086
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L]
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% ) k]
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0.2+

0.0

P, MPa

Figure 3. Dependence of volume expansion of the solutions
with different original PS concentratiens {&) on antisolvent
CO; pressure.

which contains all information on the shape and the conferma-
tion of the isolated macromolecules in solutlon. The lnitial
siopes of eq 4 vs C'and eq 5 vs /¥ yield the second virial
constant A, and mean square radius of gyration {(FH"2,
respectively. The K is required to use eqs 4 and 5. To a first
approximation, we only consider the first two terms of the right
side in eq 3. At the angle of 4= G, from eq 3, we have

KC__ 1
_KC_ L iaac )
T0.0 ~ AL, T 24
or
1___ K
me= T 00 @

Thus, K and A; can be obtained from the slope and intercept
of the WMLC vs 1/14(0,8) plot.

Results and Discussion

1. Phase Behavior. The volume expansion V. and
cloud pressure of the solutions were determined at
different antisolvent pressures in the temperature range
from 298.15 to 328.15 K. In this work, V, is defined as
{(V— )/ V4 where Vand V are the volumes of the
solution after and before dissolving CO2. As examples,
Figure 3 shows the 1, data of the solutions of different
original concentrations at 308.15 K and different pres-
sures. The Cp in the figure is the original concentration
of PS (COz-free). The V, experiments were repeated at
least three times for each equilibrium condition and the
reproducibility was better than £1%. It was estimated
that the accuracy of the measurements was better than
+2%. Figure 3 shows that the effect of PS roncentration
on the Ve is very limited. Figure 4 shows the cloud point
pressures of the solutions of varfous original concentra-
tions at different temperatures. As expected, the cloud
pressure decreases with the original concentration of
PS. Obviously. the concentration of a solution decreases
with V, or pressure. The V. and cloud point pressure
data in Figures 3 and 4 allowed us to determine how
much COg-free solution should be charged into the
SAXS cell at different temperatures and pressures and
what conditions we should choose for the viscosity and
SAXS investigations.

The solubility of CO; in the solution is directly related
with pressure. The solubility of CO; and the densities
of the solutions of different PS concentrations were
determined at 308.15 K and different antisalvent pres-
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Figure 5. Effect of pressure on the solubility of COz in teluene
Xeo, (weight fraction) and the density of the liquid phase at
308.15 K (G = 0.00046 gfem?).

sures. As an example, Figure 5 shows the solubllity of
CO3z. Ato, (weight fraction), in an PS/toluene selution
(o = 0.00046 g/cm®) as a function of its partial pressure
at 308.15 K. As expected, the solubility increases with
its partial pressure. The corresponding density of the
liquid phases is also shown in the figure, which was
required in the viscosity calculation as can be known
from eq 2. it should be mentioned that the effect of &
ort the solubility and density is not noticeable at our
experimental conditions, By combinatien of the results
in Figures 3 and 5, the pressure~volume expansion-
composition relatlon can be known.

2. Viscosity. In this work, we determined the viscos-
ity # of PS/toluene solutions with original concentrations
of 4.8 x 1074, 6.9 x 1074, 1.07 x 1073, 3.2 x 1073, and
8.2 x 1073 gfem?. The pressure of antisolvent CO; was
up to 4.2 MPa. The results at 308.15 K are shown in
Figure 6. It should be emphasized that all the experi-
ments were conducted under equilibrium conditions.

The results in Figure 6 show that » decreases linearly
with pressure of CO; at fixed temperature. The main
reason is because the dissolved CO; can reduce viscosity
of a liquid. It is also interesting to votice that the
decrease in viscosity with pressure is greater for the
concentrated solutions than in dilute solutions; Le., 7
is mare sensitive to pressure for concentrated solutions.
This must be related with conformation charnge of the
palymer in solvent, which results from weaker interac-
tien between the polymer and the solvent with adding
antisolvent COs.

Macromolecules, Vol 34, No. 7, 2001
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Figure 6. Dependence of the viscosity of the solutions # on
antisolvent CO; pressure at 308.15 K for different original
concentrations ((g).

TFo understand the effect of antisclvent pressure upon
the configuration of the dissolved polymer, we calculate
the specific viscosity as a function of pressure

s = 1(DMne(p) — 1 @)

where 1,{p) is specific viscosity at constant pressure,
n{p) and no(p} are viscosity of the solution and solvent
at the same pressure, respectively, This ratio effectively
remaoves the solvent-dominated viscosity and allows for
a direct examination of polymer behavior. This is alsu
the first step to obtain the intrinsic viscosity!? from
which dilute solution polymer theory can be applied

fn] = lim(n,,/C(p) 9

where [#] is intrinsic viscosity, and C{p) is the concen-
tration of the solution at different antisolvent pressure
which can be easily calculated from original PS concen-
tration and the volume expansion shown in Figure 3.

ty] is calculated from 7, by the familiar Huggins
equation?

%ﬁl = [7] + kim*ClR) + .. (10)

where Ky is the Huggins interaction parameter which
is related to the shape of the polymer maolecules and its
degree of assoctation,

7so(/ C{p) is plotted against the concentration at
different pressures C{g} in Figure 7. Intrinsic viscosity
(7] and Hupgins constants can be obtained from the
intercepts and the slopes of the curves, respectively. The
results are listed in Table I. As shown Ia Table 1, the
intrinsic viscosity 5] decreases with pressure. The
intrinsic viscasity is directly related with the conforma-
tion of the polymer in the solution and it is higher when
the polymer is extended. It is also well-known that a
potymer chain Is more extend In geod solvent. Iu vur
experimental system, toluene is a good salvent for PS,
while CO; is a very poor and used as an antisolvent.
The solvent power of toluene is reduced in the course
of adding antisolvent CO;, since the solubility of CO»
in the solvent increases with pressure; i.e., the solvent
strength decreases with pressure. Thus, it is not sur-
prised that the intrinsic viscosity is highest in toluene,
and decreases with the partial pressure of CO;.

¥
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Figure 7. Hupgins plets for PS in toluene at different
antiselvent CO; pressures.

Table 1. Intrinsic Viscosity and Huggins Constant under
Different Pressures of Antisolvent CO: for Polystyrene
in Toluene at 35 °C

pressure, izl Huggins overlap cancn
MPa cmifg const £, gfem?
0 40.02 0.120 0.154
0.6 31.79 0.125 0.163
1.3 34.32 0.132 a.179
2.4 31.04 0.140 198
a3 27.79 0.148 0.221
1.2 24.42 0.155 (.252
’ B PeiMPs © pe6MDa
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Figure 8. Effect of antisolvent CO, pressure on SAXS spectra
of the solutien {G = 0.00046 g/em?).

The averlap concentration C* at which polymer coils
begin to overlap and entangle can be calcutated from#649

C* = M(N,R]) 1y

where M and Ry are molecular weight and gyration
radius of a polymer chain respectively, and N, is
Avogadro's number. The radius of gyration was calcu-
lated from intrinsic viscosity data in Table ] and F lory
solution theory’! as described in eq 1. The results
showed that the concentrations of the solutions studied
in this work were much lower than averlap concentra-
tion, i.e., the polymers in the solutions were not over-
lapped.

3. SAXS Study. In this work, we determined scat-
tering intensity at original PS concentrations of 4.6 x
1074, 6.9 x 1074, 1.07 x 1073,3.2 x 1073, and 9.2 x 103
g/cm® at the same antisolvent pressures as those for
viscosity measurements. As examples, Figure 8 shows
double logarithm plot of scattering intensity Lexp{h, Q)

PR,
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Figure 9. Effect of original solution roncentratien ({3) on
SAXS spectra of the solutions at antisolvent COs pressure of
2.40 MPa.

vs scattering angle h at (; = 46 x 107 g/lem? and
different antisolvent CQ, pressures, with Lo (7.0 being
the scattered intensity due to the PS solute,

The scattering intensity increases with pressure at
pressures lower than cloud pressure. We have known
that the X-ray scattering is due to the contrast provided
by the difference in electron densities in the salute and
solvent. In the system investigated here, the electron
density of the solute PS is 0.343 e/A? and that of the
solvent toluene is 0.282 e/A3.%° The increasing of the
scattering intensity may result from the aggregation of
the polymer chain, Another feature of SAXS profiles is
that the scattering intensity at the pressure higher than
cloud pressure decreases considerably. It may result
from the precipitation of some PS in the solution
because the pressure is higher than the cloud pressure.
The precipitated PS dropped below the irradiated
volume,

Figure 9 shows double logarithm plot of Jop(A.C) vs
4 for PS/toluene solutions of different original concen-
trations at 2.4 MPa. The magnitude of the polymer
concentration effect depends on the shape and charge
of the particle and the solvent. No general function
exists which would allow prediction of the magnitude
of the concentration effect. From Figure 9, we can say
that the concentration has a large effect on the scat-
tering of the polymer solution.

To use eq 7 to obstain 4; and K at different antisalvent,
pressures, the double logarithm scattering intensity
plots of Lp(A2.C) vs h at different concentrations were
obtained using the experimental data. The concentra-
tion C has been corrected for the volume expansian
using the resulis in Figure 3. The data were extrapo-
lated ta f#= 0, and the values of .(0.C) were obtained,
Figure 10 shows the 1/M,C vs Lop(0.0) curves which
are linear in the concentration range studied in this
work. This verifies that we can get reliable resuits
although we only considered the first two terms in the
right side of eq 3. Thus, K'and A4; at different antisolvent
pressures were easily obtained from slope and intercept
of VMC vs Lp[0,0) curves, and the results are listed
in Table 2.

We could not find the 4; data in the preserce of gas
antisolvent in the literature. However, the A4; of the PS—
toluene binary solution reported by Berry et al 5! was
0.00055, which was close to that obtained in this work.

The second virial constant Ap is related with the
solvent power of the solvent for the polymer. As ex-
pected, Az depends on the partial pressure of antisolvent
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Figure 10. Plots of I/M,C against 1/1(0.() at different
antisolvent pressures.

Table 2. Values of K, A, and (R;?"2 of PS at Different

Prassuras
pressure, MPa K co®molig? A, cmPmolg?  (BHR.A
0] 3472 0.000 51 85,5
oG 22.00 0.000 48 92.8
1.5 17.85 0.000 44 89.0
2.4 15.36 0.000 38 86.3
3.3 13.35 0.000 34 78.4
4.2 11.97 0.000 30 71.3
28
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Figure 11. Plots of K lgp(h.0) against # for PS in toluene
at different antisolvent CC; pressures.

CO,. A; decreases with increasing antisolvent pressure,
which indicates that the solvent power of toluene to PS
decreases with adding of antisolvent COa.

To calculate the mean square radius of gyration
{RH2 using eq 5, the data for KQ'kgp(h O)c=o are
required. To do thls, KU Lup(h,C} is plotted against C.
The values of K in Table 2 were used in the calculation
of KO exp(h.O). KO Ixp(h, O} vs C curves were extrapo-
lated to zero concentration, and (KC/ Lig(A.C)) =0 was
obtained. (K Jup(.0)o=0 vs I curves are linear, as
shown in Figure 11. Thus, {&;%% can be evaluated from
their slopes as can be known: from eq 5. The results are
given in Table 2 and Figure 2. The {(RZ)!* of PS in
;;fhslene (CQ-free) agrees with the literature value (97.7

). 5t

As shown in Figure 12, (R;%'? decreases with in-
creasing pressure. It Indicates that the PS chain experi-
ences shrinking in the course of adding antiselvent COz.
Toluene is a good solvent for PS, and the cell expanded
due to prevalling intersegmental repulsion; after ad-
dtion of CO,, the solvent power of the solvent is reduced
and PS chain is shrunk due to prevailing intersegmental
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Figure 12. Effect of antisolvent CO; pressure on the {(R)'?
at 308.13 K

attraction. This conclusion is the same as that obtained
from the dependence of intrinsic viscosity on pressure,

As discussed above, {5} is retated with {&;?)}? by eq
1.3 The {R2)'? values, calculated from eq I and [y]
obtained in this work, are also shown in Figure 12. We
can see that the values of (R, obtained from viscosity
data agree reasonably with those from SAXS method,
especially at the lower CO; pressures. This implies that
Flory theory, which has been used widely for the
solutions of polymers in liquid solvents, is also ap-
plicable to the polymer solution with gas antisolvent.
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Determination of Average Wall Thickness of Mesoporous Silica

Zhi Hong LI', Yan Jun GONG', Dong WU', Yu Han SUN'*, Jun WANG?,
Yi LIU?, Bao Zhong DONG

'State Key Laboratory of Coal Conversion, Institute of Coat Chemistry, Chinese Academy of
Sciences, P.O.Box 165, Taiyuan 030001

*Laboratory of Synchrotron Radiation, Institute of Higlr Energy Physics, Chinese Academy of
Sciences, P.O.Box 918, Beijing 100039

Abstract: Small Angle X-ray Scattering (SAXS) experimeni using Synchrotron Radiation as
X-ray source was used to determine the average wall thickness of mesoporous silica prepared by
condensation of tetraethylorthosilicate (TEOS) using non-ionic atkyipolyethylencoxide (AEQ,)
surfactant as templates. The results agreed with that of high-resolution TEM (HRTEM)
measurement.

Keywaords: Small Angle X-ray Scattering {SAXS), mesoporous silica, average wall thickness.

Mesoporous silica formed by the condensation of silica oligomers around self-assembled
surfactant micelle templates has recently attracted much interest owing to its potential for
use in catalytic or adsorbent applications'. Much attention has been focused on
characterization of its pore structure by transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), N; adsorption, small angle X-ray scattering (SAXS) et
al., but seidom concerning its average wal} thickness®”. This short communication
introduced a flexible method to evaluate the average wall thickness of mesoporous silica
under examination by SAXS,

Mesoporous silica was prepared using tetracthylorthosilicate (TEOS) as precursor
and non-ionic alkylpolyethylencoxide CHy{CH,),(OCH,CH,)OH (AEQ,) surfactant as
templates®, The surfactant extraction was performed by Soxhlet extraction with ethanot
for 24h, and then the final solid was filtered, washed with distilled water and dried at
100°C in air.

XRD measurement indicated that the resultant silica was in amorphous state. N,
adsorption at ~196'C with ASAP2000 and HRTEM measurement (see Figure 1) with
HITACHI-9000 illustrated that the sample was of mesoporous structure. |

SAXS experiment was performed using Synchrotron Radiation as )é-ray source
with a long-slit collimation system at Beijing Synchrotron Radiation Laboratory.
Incident X-ray wavelength A was 0.154nm, and the scattering angle 20 was
approximately 0~3°, the scattering vector was denoted as g, where g=4nsinO/A. The
scattered X-ray intensity was recorded using imaging plate technology. The
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background scattering and the absorption of the sample were corrected.  Data analysis
was directly based on slit-smeared intensity J (g).

Figure 1 HRTEM image of a representative region of mesoporous siilica

nl‘&

In the small angle X-ray scattering of ideal two-phase system of mesoporous
material, there is the following relation between the average pore size iy, the average wall
thickness of the solid matrix /, and the correlation distance u_ that is a measure of phase
size”:

1

a1, ("
R P

Thus, once a, and {, have been determined, /, could then be deduced from the
formula {1). In this paper, a. and {, were determined from Debye plot and Guinier plot,
respectively.

Guinier plot of the sample (sec Figure 2) is continuous and strongly concave shows
that the pores, which give the small angle X-ray scattering’®, in the sample are
polydispersive'®. The relation between the scattering intensity J(g) and the pore size
distribution Vj(D)-D; is as following":

Figure 2 In[} (q)] versus q° plot of mesoporcus silica
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OESNAS exp(_%gng) 2)

where C is a constant, ¥(D) is the fraction of the volume of the pores with diameter D, to
the total volume of all pores in the sample. By using the Shull-Roess method'?, the
pore size distribution Vi(D)~D; is deduced from equation (2) and Figure 2. The
average pore diameter /, can then be determined as:

I, = ; Dy, (3)
The result is that [, equals to 2.86nm.

Figure 3 is Debye plot of the sample. The well linear relation in Figure 3
indicates that the sample is a completely random two-phase system, i.e. the uniform
electron density of certain value in the silicon matrix and the zero electron density in
pores. According to Debye’s theory', for stit-smeared intensities'*:

Figure3 1 (g™ versus q° plot of mesoporous silica

2.4
1.B
)
CREE
0.6
0
0 1 A 3 4
q*sim?
) =T o
(z + aciqzjjrl
where 4 is a constant.  Thence @, may be evaluated from Figure 3, where
112
a,=|_Stpe (5)
< Intercept :

The result is that e, equals to |.18nm.

Having obtained a, and /,, the average wall thickness /, in the sample could then be
determined with formula (1), and the result is that /, equals to 2.0tnm. This lies within
the range of [.50mn to 3.50nm obtained from HRTEM experiment in Figure 1.

Unlike other characterizing techniques such as gas adsorption, TEM and 1IRTEM,
SAXS can be used to the study of the microstructure of both wet and dry porous
materials whether the pores are open or closed.  So, comparatively speaking,
measurement of the average wall thickness of mesoporous material by SAXS represents
probably the value close to the absolute limit.

0
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