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Physicochemical  features of  the formation of  siliceous porous mesophases  
2.* Effect of the size of the surfactant cation 
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The formation of siliceous mesoporous mesophase materials (SiO2-MMM) prepared by 
precipitation of soluble forms of SiP 2 with alkyltrimethylalkylammonium bromide CnTMABr 
(n = 12, 14, 16, 18 is the number of carbon atoms in the alkyl chain) was investigated. An 
increase in the n value has no influence on the mechanism of formation of SiO2-MMM but 
causes an increase in the size and volume of mesopores with the mesopore specific surface 
area and wall thickness remaining virtually constant. 
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The  m a i n  stages and  the  m e c h a n i s m  of  format ion  of  
si l iceous mesophase  mesoporous  materials  (Si-MlVlM) o f  
the M C M - 4 1  type, prepared by h o m o g e n e o u s  precipi ta-  
t ion o f  SiO2 from sodium silicate in the presence  o f  an  
ion ic  s u r f a c t a n t  ( c e t y l t r i m e t h y l a m m o n i u m  c a t i o n s ,  
C I r T M A  § have been ou t l ined  previously, z-3 The  react ion 
be tween  the  c o m p o n e n t s  at  room tempera ture  affords the 
pr imary  mesophase  as a result  o f  sel f -assembling of  low- 
molecu la r -we igh t  SiO2-based an ion ic  species and  surfac- 
taut  ca t ions .  Annea l ing  of  the  pr imary mesophase  in air  at 
550- -580  ~ yields a highly porous  product  with nanosized 
mesopores  but  with an insufficiently ordered structure.  
H y d r o t h e r m a l  t rea tment  ( H T T )  o f  the pr imary mesophase  
in the  m o t h e r  l iquor at 120 ~ enables  h igher  s t ructural  
order ing,  apparent ly ,  due to the thermal  mo t ion  and  
expans ion  o f  the hydroca rbon  moiet ies  of  the  surfac tant  
cat ions .  The  expansion leads to an increase in the hexa-  
gonal  lat t ice pa ramete r  a c c o m p a n i e d  by a co r re spond ing  
increase in the  d imens ions  and  volume of  the pores 
arising af ter  the  removal  o f  the  suffactant .  

in  th i s  work,  S i O 2 - M M M  were syn thes ized  u n d e r  
c o n d i t i o n s  descr ibed in the  previous  c o m m u n i c a t i o n  I 
but  using a lky l t r ime thy lammonium cat ions C n T M A  § con -  
t a in ing  n = 12, 14, 16, o r  18 c a r b o n  a t o m s  in the  alkyl 
cha in .  T h e  purpose  o f  this  s tudy was to e luc ida te  the  
possible  in f luence  o f  the l eng th  o f  the  alkyl cha in  in the  
su r f ac t an t  o n  the  m e c h a n i s m  and  stages o f  f o rma t ion  o f  
S i O 2 - M M M .  

Experimental 

The SiO2-MMM were prepared (see Ref. I) by homoge- 
neous precipitation of SiO~ from a solution of sodium silicate 
in the presence of CnH2n+IMe3NBr (n = 12, 14, 16. 18) at a 

* For Part I, see Re['. I. 

fixed molar ratio of the components in the reaction mixture, 
SiP 2 : 0.3 CnTMABr : 0.3 NaOH : 102 H20, at room tempera- 
ture followed by HTT at 120_5 ~ The pH value was 
10.5--11.5 in all cases. The duration of HTI" (zHTr) varied 
from 0 to 404 h. Then the precipitates were filtered off, washed 
with warm water, dried at 30--40 ~ and annealed in air at 
550--580 ~ The resulting SiO2-MMM samples were desig- 
nated by symbols Cn-zH-l-r (where n is the number of carbon 
atoms in the alkyl chain: rHT-r/h iS the duration of HTT). The 
index Cn-0 corresponds to the primary mesophases obtained by 
precipitation of the components at room temperature without 
H T T  (~H'rT = 0). 

As in the previous study, 1 the molar ratio M R = NR4+/SiO2 
was calculated for dried samples. The structures of dried and 
annealed SiO,-MMM samples were studied by powder X-ray 
diffraction analysis for the 1--7 ~ 20 using a U R D - 6 3  
diffractometer. Primary attention was paid to the (100), (110), 
(200). and (210) reflexes, which are characteristic of a mesophase 
with a hexagonal structure, and to the half-width of the most 
intense diffraction reflex, (100), expressed in terms of the 
Bragg angles 20. These reflexes were used to calculate the 
hexagonal unit cell parameter a0; the (100) reflex half-width 
(below referred to as BI0 o) was regarded as a characteristic of 
the degree of ordering of the pore lattice. 1 Diffraction mea- 
surements were carried out at a rate of 0.5 deg rain - t ,  which 
ensured a reproducibility of the a 0 values sufficient for com- 
parison of the samples (at least 4-0. t n m ) .  Data for the CI6 
series were obtained under the same conditions, which permit- 
ted comparison of the results of this study with those obtained 
previously.l 

The texture of  annealed SiO2-MMM samples was studied 
based on N 2 adsorption isotherms, which were obtained at 
77 K on an ASAP-2400 instrument and used to calculate the 
specific surface area Ame and the volume llme of mesopores in 
the mesopha~ particles and also the total specific surface area 
of the amorphous phase and the external surface area of the 
mesophase particles, Aex t (ABE T ~- Ame + Aext). The Ame, //me, 
and Aex t values were calculated by a procedure based on the 
comparison method (i.e., comparison of the experimental ad- 
sorption isotherm with that measured on a nonporous surface 
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under the same conditions), which had been described in 
detail. "t-6 The size of mesopores dine and the characteristic 
thickness of the walls between them h w were estimated using 
the relations 4-6 of the model of hexagonal packing of coaxial 
cylindrical mesopores. In this model, the hexagonal lattice 
parameter a 0 = dine + h W. and drn e is related to a 0 and to the 
bulk porosity of the mesophase Sine as follows: 

dine = a 0 ~ z m e  -~ 1.05a0 ~ m r  (I) 

where 

VmeP ~,,~ (2) 
V,,~O + I " 

P is the mesophase density measured by helium at room 
temperature on an Autopycnometer 1320 instrument, and //'me 
is the specific volume of the mesopores calculated from the 
adsorption isotherms using published data. 4 

The results of MAS 29Si NMR spectroscopy studies of the 
C16 series obtained on a Bruker MSL-400 spectrometer (79.49 
MHz) were used. 

Results and Discussion 

The shape of  the isotherms (Figs. I and 2) is normal  
for S iO2-MMM t -7  and  allows one to distinguish three 
typical regions: region I corresponding to low relative 
pressures of  ni t rogen P/Po, in which adsorption occurs 
on the whole accessible surface, region II in which the 
adsorbed a m o u n t  increases stepwise upon small changes 
in P/Po and which corresponds to the filling of mesopores 
in the bulk of  the mesophase particles, and region 11I 
located at great P/Po values, in which adsorption con t in -  
ues on the surface having remained free after coverage of 
the mesopores in the mesophase bulk. 

These regions are displayed more clearly when these 
isotherms are represented as comparative plots, i.e., 
plots representing the adsorbed amount  a(P/Po) tbr the 
isotherm studied vs the a m o u n t  adsorbed on a reference 
nonporous  specimen ctCo/po) at the same P/Po value (for 
the sake of conven ience  of  the subsequent analysis, the 
a(p/po) values are related to uni t  surface). Examples of 
these comparat ive plots are shown in Fig. 3; the use of 
these plots for the analysis of  the texture of  M M M  was 
substantiated in detail  previously4; a similar strategy was 
used in some o ther  studies, s - 7  In these plots ; ' region I of  
the isotherm is described by a linear dependence  that 
can be extrapolated to the origin. This implies the 
absence o f m i c r o p o r e s ;  and "the slop-e-of the pl~ts in this 
region corresponds to the total specific surface area 
ABE T = (Ame + Aext), where ABE T is the surface area 
calculated by the BET method.  Region I!I. o f  the iso- 
therm is also described by a l inear dependence ,  whose 
slope corresponds to the Aex ~ value and the intercept 
obta ined by extrapolat ion to the ordinate axis makes it 
possible to de te rmine  the mesopore volume Vine. The 
average mesopore d imen s i o n  dine was calculated by Eqs. 
(1) and (2) using the mesopore volume Vine, the density 
PIle, and the hexagonal  lattice parameter  a 0 found from 

the diffraction measurements.  It has been shown 4-6  that 
this calculation method is more favorable than the gen- 
erally accepted methods c o m m o n l y  used to calculate the 
pore size in M M M ,  which are based on various modifi-  
cations of the Kelvin equat ion and  other  equations 
relating the pore size to the P/Po value. The length of  the 
section corresponding to the filling of  mesopores along 
the P/Po axis is an indicator of  the homogenei ty  of the 
mesopore sizes. 

It can be seen from Fig. I that the isotherm of  N 2 
adsorption on the annealed pr imary mesophase has a 
shape typical of  MMM; however, the relatively large 
region II, in which the mesopores are filled, points to 
nonuni tbrrni ty  of their sizes. Even a short- term HTT 
increases the uniformity, which subsequent ly  hardly de- 
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Fig. 1. Nitrogen adsorption isotherms for samples of the C16 
series at various HTT times ('q4rr): 1. C16-0; 2, C16-7; 
3, C16-64; 4, C16-404. I--II1 are characteristic regions of 
isotherms. 
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Fig. 2. Nitrogen adsorption isotherms for samples of various 
series at identical HTr times (~H-l-r = 64 h): 1, C12-64; 
2, CI4-64: 3, C16-64; 4, CI8-64. 
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pends on ZHTT- This effect can be reproduced for all of  
the series studied. For illustration, Table I shows the 
values for the relative N,_ pressure, P/Po, corresponding 
to the beginning (P/Po)b and to the end (P/Po)e of the 
mesopore filling section and those estimated from the 
adsorption isotherms for characteristic samples. 

It follows from Fig. 2 that an increase in the param- 
eter n is accompanied by an increase in the size and 
volume of mesopores without substantial changes in the 
initial sections of  the isotherms corresponding to the 
adsorption over the whole accessible surface. The results 
of  quantitative analysis of  the N 2 adsorption isotherms 
are listed in Table 2, which summarizes the most impor-  
tant data obtained by various experimental and calcula-  
tion methods. 

Comparison of the results obtained for different se- 
ries allows one to conclude that the number of  carbon 

Table 1. Width of the range of mesopore 
filling on N 2 adsorption isotherms at 77 K 

Sample (P/PO)b (P/PO)e ~(P/PO) 
C 12-0 0.107 0 . 2 0 4  0.097 
C12-404 0.196 0 . 2 7 8  0.082 
CI4-0 0.096 0.224 0.128 
C 14-404 0.248 0 . 3 0 6  0.058 
C16-0 0.169 0 , 2 3 6  0.169 
Cl6-404 0.305 0 . 3 7 5  0.070 
C18-0 0.280 0 . 3 7 7  0.097 
C18-404 0.355 0 . 4 0 4  0.050 
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Fig. 3. Examples of comparative plots for C14-64 (/) and 
CI6-64 (2). 

atoms n in the alkyl chain most appreciably affects the 
hexagonal unit cell parameter  a 0 as well as the size dine 
and the volume lime of  mesopores. This is a consequence 
of the shape-forming role of the surfactant in the mecha-  
nism of  mesophase formation, z.3 It can also be noted 
that the rates of  variation of the structural characterist ics 
recorded in the X-ray diffraction analysis are somewhat 
different in various series; the annealed samples of  the 
C14 and CI6  series obtained without HTT exhibit three 
characteristic reflexes and those after HTT are respon- 
sible for four reflexes. In the C12 and C18 series, three 
reflexes can be observed only at rHT T > 40 h and tha n- > 
3--5 h, respectively. These differences may be due to the 
fact that in the procedure used to prepare the samples, 
the initial components  were taken at a fixed molar  ratio, 
which corresponded to different volume ratios; appar-  
ently, the latter value in the C14 and C16 series was 
more favorable. 

The density PIle of  the annealed samples is 2.33+0.04 
g cm -3 in the C12 series, 2.26_+0.04 g c m  -3 in the C14 
series, 2.13+0.04 g cm -~ in the CI6  series, and 2.03+0.04 
g cm -3 in the CI8  series. However, the insufficient 
accuracy of  the measurements, which is due to the small 
size of samples, did not allow us to elucidate any obvi- 
ous correlation between fPHe and ~HFr, whereas the 
tendency found for a dependence of  PIle on the size of  
surthctant molecules requires addit ional  evidence. All 
the Pile values determined are in the range typical of  
amorphous SiO 2 forms. 8 

The evolution of  all the other parameters presented 
in Table 2 wi th in  each series is qualitatively similar to 
that described previously I for the C16 series. In fact, the 
thermally stable primal_ mesophase is formed in all cases 
even at room temperature and possesses properties s imi-  
lar within each series, namely, relatively low ordering 
(the maximum values for the structural parameter  B(dloo) 
and for the length of  section 11 on the isotherm),  
minimum values for the parameter  a 0 and the mesopore 
volume and size, and close values for the calculated 
thickness of  the mesopore wall hw, the total specific 
surface area and the surface area o f  mesopores,  and the 
molar ratio M R = NR4+/SiO2. 

The thermal expansion of  the surfactant micelles at 
the initial stage o f  HTT is always accompanied  by a 
discontinuous increase in the a 0 parameter  and the 
volume Vine and size dine of mesopores.  This is a ccom-  
panied by a decrease in the mesopore specific surface 
area Ame and the  to ta t su r face  area, the M ~ t -  NR4+/  
SiO2 and B(dloo) values, and the length of  the sect ion 
of mesopore filling on the adsorpt ion isotherms (see 
Table I). As ~H-r'r increases, these parameters  change 
insignificantly and more monotonica l ly  or remain vir- 
tually constant .  Thus, the mesopore specific surface 
areas Ame for all of  the samples remain at a level o f  
1050+65 m 2 g - t ,  the total specific surface area is Ame + 
Aex t ~ 1 1 10-+30 m 2 g-~, and the calculated thickness o f  
the mesopore wails hw --- 0.65+0.05 rim. The mesopore  
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Table 2. Main experimental and theoretical results 

Sample After drying After annealing 

MR ao B(dlr Anne Ae~t Vine dine Hw 
/nm /deg m 2 g-~ /cm 3 g-i nm 

CI2-0 0.22 3.53 0.95 1201 50 0.64 2 . 4 6  0.59 
CI2-3 0.19 3.85 0.62 1015 79 0.73 3.06 0.61 
C12-7 0.17 3.85 0.b6 1022 74 0.76 3. I I 0.59 
CI2-20 0.17 3.97 0.61 1038 47 0.76 3.16 0.61 
C12-64 0.16 3.95 0.47 1090 38 0.73 3 . 1 8  0.63 
C12-188 0.17 3.81 0.33 1041 37 0.78 3 . 1 9  0.59 
C12-404 0.16 3.85 0.22 1046 43 0.76 3 . 2 0  0.61 
CI4-0 0.22 3.81 0.52 1139 114 0.66 2 . 5 5  0.57 
C14-3 0.20 4.27 0.27 990 64 0.77 3 . 3 4  0.65 
C14-7 0.19 4.22 0.18 1064 62 0.80 3 . 3 8  0.63 
CI4-20 0.19 4_36 0.19 995 59 0.81 3.44 0.64 
CI4-64 0.19 4.27 0. t9 1000 44 0.79 3 . 4 8  0.66 
C14-188 0.19 4.33 0.18 1078 45 0.85 3 . 5 6  0.63 
CI4-404 0.19 4.29 0.20 1109 30 0.87 3 . 6 2  0.62 
C16-0 0.25 4. t7 0.41 1173 82 0.81 2.96 0.58 
C16-3 0.21 4.59 0.23 993 90 0.82 3 . 6 2  0.70 
CI6-7 0.20 4.47 0.26 984 99 0.85 3 . 7 0  0.69 
C16-20 0.20 4.56 0.24 1083 84 0.88 3 . 7 9  0.68 
C 16-64 0.20 4.53 0.22 1107 64 0.94 3 . 8 0  0,63 
C16-188 0.20 4.66 0.22 1105 36 0.94 3 . 8 7  0.64 
C 16-404 0.19 4.70 0.22 1114 57 0.95 3 . 9 7  0.65 
C18-0 0.27 4.61 0.52 1142 95 1.01 3.44 0.56 
C18-3 0.24 4.90 0.33 1026 140 1.01 3.81 0.62 
C18-7 0.23 4.80 0.39 1002 112 0.99 3 . 8 4  0.64 
C18-20 0.23 4.82 0.30 1042 103 1.02 3 . 9 2  0.63 
CI8-64 0.21 4.70 0.34 1016 89 1.00 3 , 9 5  0.65 
CI8-188 0.22 4.82 0.34 1048 80 1.04 4.11 0.64 
CI8-404 0.22 4.82 0.41 1026 101 1.01 4.10 0.66 

volume I/me either virtually does not change (the C12 
and C18 series) or slightly increases (the CI4  and C16 
series) with an increase in ~ty-r. The hw = 0.65+_0.05 
nm value is close to the double size of  the [SIO4] 
tet rahedron. 

When ~Hrr increases, the a 0 and dine values and the 
degree o f  ordering (decrease in B(dloo)) tend to in- 
crease at h w ~ const, which is typical of  annealed 
samples. In addition, an increase in ~HTT is accompa- 
nied by a decrease in the relative linear shrinkage upon 
annealing, which can be estimated as • = (ao~ - 
aoa)" 100/a0d, where a0d and a0a are the values of  the 
a 0 parameter  for dry and annealed samples, respec- 
tively. The ~, values for primary mesophases vary from 

the C16 series reported previously, l The annealed samples 
of  this series contain 54--59% of silicon atoms in the Q4 
state; the proportion of  the Q4 states in dried samples is 
~33% for C16-0, ~43% for C16-3, and ~52% for C16- 
404. Thus, annealing of  the primary CI6-0 mesophase is 
accompanied by a ~l.7-fold increase in the Q4 value 
(x -15%); in the case of  CI6-3,  the Q4 values increase 
~l .3-fold (X -5.8%), and for C16-404, they increase by a 
factor o f - l .  1 (k ~2%). The relative variations in the Q4 
and a0 parameters are clearly correlated (correlation 
coefficient 0.999). Therefore, the tendency of  the pa- 
rameter a 0 and the mesopore size and volume to in- 
crease with an increase in XH-r- r can be due to the fact 
that processes of  SiO2 polycondensation continue during 

13-t~517%;they decreage to  5 ~ 8 %  foi"zH-rT=3 h a n d  the-HTT and this decrea~s  the degree ofsl~rinkage upon 

to [ - -2% for ~-HTT = 404 h. 
According to a known publication, 9 the decrease in 

a 0 upon annealing is due to polycondensation of SiO 2, 
which continues at this stage. This was detected 9 by 
MAS 29Si N M R  spectroscopy based on the increase in 
the proportion of  silicon atoms in the high-coordinate 
Q4 state, in which each Si atom is bound via oxygen 
bridges to four Si atoms to form Si(OSi) 4 groups. Let us 
make some estimates using the MAS 29Si N M R  data for 

annealing. 
This shrinkage is the most pronounced for the pri- 

mary mesophase and, apparently, it additionally in- 
creases the degree of  disorder in the annealed forms. In 
this connection, some correlation can be noted between 
the ~. and B(d~oo) parameters for samples having been 
subjected to H'I-I'; this can also be associated with the 
nonuniform shrinkage during annealing. Therefore, the 
degree of  shrinkage during annealing is among the fac- 
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tots that influence the structure and texture of MMM. 
As a consequence, the size of mesopores dine in SiO 2- 
MMM is determined by ncit only the length of the 
hydrocarbon chain in the surfactant cations and their 
thermal expansion but also by the potycondensation 
processes during the HTT. 

The results obtained indicate that all of tile studied 
systems display a qualitatively similar behavior at the 
stages of formation of the primary mesophase, hydro- 
thermal treatment, and annealing. This suggests that 
under the synthesis conditions employed, the main stages 
and the mechanism of formation of the SiO 2 mesophase 
involving a surfactant of the CnTMA + type with 12 to 18 
carbon atoms n in the alkyl chain depend only slightly. 
in the first approximation, on the length of the alkyl 
chain. 
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