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Abstract: A systematic study of the surface of MCM-41-type mesoporous silica nanoparticles prepared
under low surfactant concentration was carried out using high-resolution solid-state nuclear magnetic
resonance spectroscopy. The structures and concentrations of various species present during dehydration
and rehydration of mesoporous silicas between —25 and 500 °C were detailed by employing one-dimensional
and two-dimensional *H, *3C, and 2°Si NMR, including *H signal intensity measurements, *H—'H homonuclear
correlation experiments (double quantum, exchange, and RFDR), and *H—2°Si heteronuclear correlation
NMR. These experiments employed high MAS rates of up to 45 kHz. The study shows that the surfactant
(CTAB) was almost completely removed by acid extraction. The residual molecules assumed prone positions
along the pores, with the tailgroup being most mobile. The weakly adsorbed water was hydrogen bonded
to the silanol groups, all of which were involved in such bonds under ambient humidity. Specific structures
involving water and silanol groups were proposed for various stages of thermal treatment, which included

dehydration, dehydroxylation, and subsequent rehydration.

1. Introduction
We recently reported a synthetic strategy geared toward

uncertainties regarding the interpretationtdfspectra in such
systems exist. These complex surfaces exhibit a variety of silicon

developing a new generation of single-site catalysts supportedSit€S; St-O—Si bond angles, and hydrogen bond properties,

on mesoporous silicas. It involves multifunctionalization of these
materials via co-condensation, which provides control of the
pore and particle morphology and, most importantly, allows for
selective immobilization of a variety of catalytic groups inside

which all vary with the preparation method and sample
treatment. In addition, the organically functionalized MCM-41
materials cannot be subjected to severe calcination, and even
when used as catalysts may exhibit new characteristics of “as-

the mesopores. Solid-state NMR spectroscopy plays a key roleSynthesized” samples. We will refer to these materials as MCM-

in characterization of these materials. Initially, MAS NMR of
1H, 13C, and?°Si were used to provide direct information about
the structure, relative concentration, location, and reactivity of
various anchored groups in functionalized MCM-41 siliéas.
Exploratory two-dimensiondH—3C NMR experiments were
performed in order to detail the location of these groups with
respect to each other and the silica support.

41-type mesoporous silica nanoparticles (MSNs). The newest
advancements in solid-state NMR, in particular, ultrafast magic
angle spinning (MAS), provide improved tools for such
investigations. By employing MAS rates approaching 45 kHz,
we obtained high-resolutiofH spectra of MCM-41 surfaces

in a routine fashion without the necessity of using multiple pulse
sequences for homonuclear decoupling. This, in turn, opened

Proper understanding of such surfaces cannot be achievedhe Possibility of usingH—*H homonuclear correlation meth-

without a thorough knowledge of the structure of pure MCM
supports under the relevant conditions. While excellent NMR
studies of several types of silicas have been repdrted,

T Ames Laboratory.
* Department of Chemistry.
(1) Huh, S.; Wiench, J. W.; Trewyn, B. G.; Song, S.; Pruski, M.; Lin, V. S. Y.
Chem. Commur003 2364-2365.
(2) Huh, S.; Wiench, J. W.; Yoo, J.-C.; Pruski, M.; Lin, V. S. @hem. Mater.
2003 15, 4247-4256.
(3) Lin, V. S.Y.; Radu, D. R.; Han, M.-K.; Deng, W.; Kuroki, S.; Shanks, B.
H.; Pruski, M.J. Am. Chem. So2002 124, 9040-9041.
(4) Radu, D. R.; Lai, C.-Y.; Wiench, J. W.; Pruski, M.; Lin, V. S. Y. Am.
Chem. Soc2004 126, 1640-1641.
(5) Trebosc, J.; Wiench, J. W.; Huh, S.; Lin, V. S. Y.; Pruski, M. In preparation.
(6) Bronnimann, C. E.; Ziegler, R. C.; Maciel, G. E.Am. Chem. S0d.988
110 2023-2026.
(7) Liu, C. C.; Maciel, G. EJ. Am. Chem. S0d.996 118 5103-5119.
(8) Alam, T. M.; Fan, HMacromol. Chem. Phy2003 204, 2023-2030.

10.1021/ja043567e CCC: $30.25 © 2005 American Chemical Society

ods, including 2D exchange, RFDR, and double quantum (DQ)
IH-'H MAS NMR, as well as heteronuclear correlation
(HETCOR) NMR to gain additional insights. In the present

(9) d’Espinose de la Caillerie, J.-B.; Aimeur, M. R.; El Kortobi, Y.; Legrand,
A. P. J. Colloid Interface Scil997 194, 434—-4309.

(10) Ek, S.; Root, A.; Peussa, M.; Niinisto, Thermochim. Act&001, 379,
201—-212.

(11) Turov, V. V.; Leboda, RAdv. Colloid Interface Sci1999 79, 173-211.

(12) Maciel, G. E. InSolid-State NMR Spectroscopy of Inorganic Materials

Fitzgerald, J. J., Ed.; American Chemical Society: Washington, DC, 1999;

pp 326-356.

(13) Christiansen, S. C.; Zhao, D.; Janicke, M. T.; Landry, C. C.; Stucky, G.
D.; Chmelka, B. FJ. Am. Chem. So2001, 123 4519-4529.

(14) Bronnimann, C. E.; Chuang, I.-S.; Hawkins, B. L.; Maciel, GJEAm.
Chem. Soc1987, 109, 1562-1564.

(15) Shenderovich, I. G.; Buntkowsky, G.; Schreiber, A.; Gedat, E.; Sharif, S.;
Albrecht, J.; Golubev, N. S.; Findenegg, G. H.; Limbach, H.JHPhys.
Chem. B2003 107, 11924-11939.

J. AM. CHEM. SOC. 2005, 127, 3057—3068 = 3057



ARTICLES

Trébosc et al.

study, we describe a pure MSN sample prepared under low background suppressiéhThe sequence used an additional pair 0f’180
surfactant concentration, in the presence of residual amountspulses and a phase cycling scheme designed to attenuate the probe

of surfactant.

2. Experimental Section

2.1. Sample SynthesisThe material was synthesized according to
our previous reports!® A mixture of cetyltrimethylammonium bromide
surfactant (CH(CH,)1sN(CHz)3Br, referred to as CTAB) (2.0 g, 5.49
mmol), 2.0 M NaOH (aq) (7.0 mL, 14.0 mmol), and®(480 g, 26.67
mol) was heated at 80C for 30 min with a constant stirring (550
rpm). To this clear solution was added rapidly via injection TEOS (8.31
g, 39.9 mmol), yielding an opaque reaction mixture. The white solid
products of synthesis were observed after vigorous (550 rpm) stirring
of the mixture for~2 min. The as-synthesized mesoporous material
was obtained after an additidriah of heating at 80°C, followed by
hot filtration, washing with copious amounts of water and methanol,
and drying under vacuum. An acid extraction of the CTAB surfactant
was performed at 6€C by placing 1.0 g of the as-synthesized MCM-
41 silica in a mixture of methanol (100 mL) and concentrated
hydrochloric acid (1.0 mL) for 6 h. The silica was then filtered, washed
with water and methanol, and dried under vacuum3d at 90°C.
The resulting material had the BET surface area of 7@ mand the
pore diameter of 2.5 nm. It was then exposed to 55% humidity at 30
°C (sampleA) and evacuated f&2 h under 10° atm at temperatures
between 30 and 500C (these samples will be referred to ASO
throughA500, or seriesA). Another series of silicad) was prepared
after rehydrating sampléA500 in steam of boiling water under

atmospheric pressure for 3 min. The steaming process, which yielded

sampleB with weight increased by approximately 30%, was followed
by evacuation at 30C for 45 min (sampleB30) and evacuation at
elevated temperaturesrf@ h (sample€3100 throughB250).

2.2. Solid-State NMR. Solid-state NMR experiments were per-
formed at 9.4 T on a Chemagnetics Infinity spectrometer equipped with
5 (Chemagnetics), 3.2 (Chemagnetics), and 1.8 mm (A. Sarko$)n
double-tuned probes capable of MAS at 10, 25, and 50 kHz,
respectively. The 3.2 mm probe was only used*férsignal intensity
measurements and variable temperature (WMAS experiments on
samples of serieB. The samples were packed in the rotors and then
dried successively at temperatures ranging from 30 to°&Dfbr 2 h
under 105 atm. The rotors were then tightly capped in a glovebag
under dry nitrogen to avoid rehydration. Samples were fully equilibrated

ringing and the backgrouniti signal from nuclei outside of the rotor.

IH—1H DQ MAS: vg = 40 kHz;vre = 170 kHz. The back-to-back
(BABA) sequence was selected for excitation and reconversion of DQ
coherences due to its excellent performance under 40 kHz MBSing
a rotor-synchronizedh increment of 10Qus and NS= 16, 32, or 64
for BABA pulse train length of 100, 300, and 508 long, respectively,
the acquisition times of 2D data were between 1 and 4 h.

IH—1H 2D exchange and RFDRwr = 40 kHz; vgr = 170 kHz;

NS = 8; t; increment= 200 us; mixing timesr, = 0, 1, 10, 20, and
100 ms; AT= 1 h. In RFDR, one 180pulse per rotor period was
introduced during the mixing tim@.

29Si MAS: vg = 10 kHz (5 mm probe)yre = 15.6 kHz; NS= 240;
relaxation delay= 300 s;vgr (*H) during CW decoupling= 55 kHz.

I1H—2%Si CP:vge (*H) during CP= 20 + 5 kHz (ramped); NS=
640; relaxation delay= 2 s; other conditions were the same ag°®i
MAS.

1H—2%Si CP HETCORwg = 40 kHz; vge (?°Si) = 80 kHz; vre (*H)
during CP= 120+ 20 kHz (ramped)yre (*H) during CW decoupling
= 10 kHz; NS= 2400; AT = 4 days.

All 1H, 2°Si, and'3C chemical shifts are reported using ihecale
and are referenced to tetramethylsilane (TMS) at 0 ppm. In Figures
5—7 and 10, the consecutive contours reflect a 2-fold change in the
intensity. In most spectra, the lowest level corresponds to about 3% of
the maximum intensity observed in a given series, whereas the skyline
projections are normalized to the same height. In Figure 7, the floor is
elevated due to the low signal-to-noise ratio.

The quantitative analysis dH concentration was carried out by
comparing the integrated NMR intensities at different hydration states
with a calibrated reference sample and was additionally verified by
monitoring the weight loss of the silica, as described in detail in section
3.2.

3. Results and Discussion

3.1. Ultrafast MAS NMR. The pursuit of higher sample
rotation rates has led to the construction of probes capable of
MAS at 40-70 kHz1"~1% We have recently shown that a
considerable improvement in resolution can be achieved in
functionalized MSNs upon increasing the sample rotation rate
from 10 to 45 kHZ Further, high-speed MAS provides an easy,

after each treatment, as evidenced by no changes in the observed spectigensitive, and robust strategy for acquiring the high-resolution

during the time of the experiments. A suite of one-dimensional (1D)
and two-dimensional (2D) NMR was used, including 1D MAS (
29Si), 2D 'H—'H double quantum (DQ) MAS, 2BH—'H exchange
and RFDR NMR, 1D®C{'H} and?°S{'H} cross polarization (CP)
MAS NMR, and 2D!H—%°Si heteronuclear correlation (HETCOR)
NMR. In *H MAS experiments, the relaxation delay between accumula-
tions was 4 s, as the typicdh values measured in our samples by

IH—IH homonuclear spectra arfti—X (X = 29Si and13C)
heteronuclear NMR spectra in such sampless Figure 1
demonstrates, a similar improvement in resolution is achieved
in nonfunctionalized MCM-41 silicas. The stati¢ti NMR
spectrum of sampla, at the bottom of Figure 1, can be roughly
fitted by a superposition of two lines with 1.5 and 8 kHz line

using inversion recovery ranged between 0.4 and 0.75 s. In the 2D widths (fwhm). This relatively moderate broadening, which is

experiments, all of which involvetH excitation, the acquisition delay

mainly homogeneous due t&1—1H dipolar interactions, was

was reduced to 1 s. The hypercomplex method was employed to almost completely eliminated under MAS at 45 kHz. The

discriminate the sine and cosine parts in thel&main of 2D spectra.

resolution in this sample was not improved by combining MAS

Listed below are other essential experimental parameters used inyith multipulse sequences, such as FSB@deed, as will be

these experiments, wherg denotes the sample rotation rater the
magnitudes of radio frequency field, NS the number of scans, and AT
the total acquisition time of a 2D spectrum.

IH MAS: vg = 0—47 kHz;vge = 170 (1.8 mm probe) and 100 kHz
(3.2 mm probe); NS= 64. The DEPTH pulse sequence was used for
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Chem. Soc2004 126, 1010-1011.
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Top. Curr. Chem2004 246, 15-31.
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exchange processes and inhomogeneous broadening due to
distribution of chemical shifts. The main artifact associated with
this approach is the sample heating due to friction between the
rotor and the surrounding air. By using the isotropic chemical
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Figure 1. H spectra of MCM-41-type nanoparticles acquired under static Temperature (°C)

and MAS conditions as indicated in the figure. For fastest spinning rates, oo > Results of TGA (a) andH signal intensity measurements (b)
the spectrum exhibits mainly inhomogeneous and/or exchange broadenlngfOr sample A. The initial water content was not identical in both

measurements due to different ambient conditions in the laboratories.
shift of 297Pb in lead nitrite as a thermome®rwe have

. : . . . .
determined that the rotor temperature increased by 10 f¢15 720l 1. "H NMR Signal Intensities Measured in Sample A

above the ambient under 40 kHz MAS. In the present study, Individual Peaks*
we made no effort to neutralize this effect. 3-5 18 wide

We note that in strongly coupled systems!bf spins, the sample  no®  m®  ppm?  ppm*  baset  CTAB*  CTAB®  now*
complete line narrowing cannot be achieved by 40 kHz MAS A 141 119 117 00 02 22 52 4.0

alone. For example, a 2D exchange spectrum of glycine, ﬁgg gg ;g g-g g-g i? i; ii
i . o - L ) ) . . . . .
agquwed withzm, —_O under 40 kHz MAS? exhibited 1 k_Hz . A130 50 32 02 13 16 18 43
wide patterns typical of homogeneously broadened lines in A200 43 30 01 12 17 14 3.3
strongly coupled spin systems. ﬁégg gg g.g 8.(1) 1.2 ii 8.2 itl)
H H 1 _ . . . . . . .
3_.2. TGA and Quantitative Mea_surement of H_ Concen A350 28 28 00 16 12 005 01 23
tration. The results of thermogravimetric analysis (TGA) and a400 24 24 00 15 09 005 0.1
IH NMR signal intensity measurement in samplere shown A470 19 19 00 12 07 00 0.0
in Figure 2. The TGA analysis (Figure 2a) was performedona A%0 16 16 00 10 06 00 00 17
TA instruments TGA ZQSQ thermograwmetnc analyzgr with a aNumber of hydrogen atoms/rP Number of molecules/100 rfn
temperature ramp of 82/min under continuous flow of nitrogen ¢ From 2°Si NMR.
(200 mL/min).

Since the exact knowledge of the concentration of various

using different probes agreed to within 10% at all temperatures,

hvd . ial for the i . ¢ the average values were used throughout this work. These
ydrogen species was essential for the interpretation of NMR measurements were further confirmed by monitoring the weight

spe(c;jtra, theH _S|gnal |ntf3n3|ty Wa?j determined in Mﬁ_ 'ﬂde' loss of the samples after each thermal treatment.
pendent experiments using 3.2 and 1.8 mm rotors, which were ¢ 1oqits ofH signal intensity measurements are listed in

spun at 20 and 40 kHZ’ respectively. Approximate_ly 10 mg of Table 1, which includes the total hydrogen concentration per
sampleA was loaded into the rotors and measured in a hydrated | > ¢ ha silica surfacenty) (also shown Figure 2b) and the

state and afte2 h ofgvacuationhat 3% 9?’ 139’ 200,' ,250’ 300, concentration of hydrogemy) exclusive of the intensities due
350, 400, 470, an SOG,C' The absolute intensities WEI€ {5 CTAB. Also listed in Table 1 are the specific contributions
referenced to carefully weighed samples of adamantane, whlchfrom the major resonances observed in theMAS spectra
were diluted with NMR-silent powder (sulfur) to roughly match including the resonances at-3 and 1.8 ppm, the peai<s

the hydrogen content of the MSNSs. The reference samples were, oo qanting CTAB, and the wide resonance distributed between
measured using a delay of 10 s between scans, which allowed2 and 8 ppm. The individual intensities were obtained by
for full recovery of their equilibrium magnetization, under deconvolution of the spectra obtained under 40 kHz MAS
otherwise identical conditions. Since the intensities observed because they were better resolved (see Figure 1). Since the
(24) Bielecki, A.: Burum, D. PJ. Magn. Reson. A995 116, 215-220. resonance between 2 and 8 ppm could not be approximated by
(25) See Supporting Information for details. a single Gaussian or Lorentzian line and was susceptible to

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 3059
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Table 2. 1H Chemical Shift of Water Molecules Found in Various
Environments Related to This Work

species Ocs? conditions ref
: — A500 (f)
H>0 monomeric 1.0 RO diluted in CCh 26
1.2 HO diluted in CHC} 26
0.3-0.4 HO in CsDg (—20 to 50°C) 27
1.0-1.1 HOinCClL(—40t035°C) 27 A350 (e)

1.6-1.9 HO in CDCk (—40to 35°C) 27

0.5 HO gaseous 28,29
H20 cluster 5.355 HO in CsDs (0 to 18°C 29
47-50  HObulk (0 t(o 30°C) ) 30 A250 ()
4.8-5.2 HO in CCl, (—20 to 8°C) 30
41-5.1  PCinHO (1to 49°C) 30
H0O surface 3.95.0 HO on surfaces of 31 (C)
titania/silica (50 to 50°C)
45-5.6 HO on surfaces of 32
silicates (-50 to 60°C)
H,0 ice 771 ice (_90 OC) 33 (b)
7.0+0.5 ice 50t0—135°C) 34
7.8 ice, single crystaH80°C) 35
7.9 ice 80°C) 36 (@)
a - . T T T T M T —
In parts per million with respect to TMS. 10 8 6 4 5 0
Table 3. 'H NMR Signal Intensities Measured in Sample B ppm
Figure 3. *H NMR spectra of samples (a), A30 (b), A90 (c), A250 (d),
sample e 3-5 ppm* 1.8 ppm* wide base Mo A350 (e), andA500 (f) under 40 kHz MAS.

B 28 25 0 3.0

B30 5.4 1.8 0.7 2.9

B250 1.8 ~0 1.0 0.8

aNumber of hydrogen atoms/rfo? From 2°Si NMR. ¢ Not measured.
baseline distortions, steps were taken to ensure the best possible
reliability of the fits. The data reported for this peak were
approximated by subtracting the intensities of the well-resolved
resonances from the total intensity of the spectrum. Similar

results were obtained by using a superposition of several lines
to fit the distributed resonance. Still, these difficulties caused ppm

the reliability of the spectral intensities corresponding to the gigyre 4. 1H NMR spectrum of templated MCM-41 sample with CTAB
distributed resonance to be estimated to within 0.5 H atoms/ filling the mesopores acquired under 40 kHz MAS.

nn?. Other resonances were estimated to within 10%. The last

column in Table 1 shows the concentration of OH grougs, in several configurations considered in this work. Table 2
which was estimated from tr®8Si NMR spectr&® In sample includes the chemical shifts reported in the literature for water
A, these spectra yielded the relative concentrations 2ol in various hydrogen-bonded environmeffts®

@° silicon sites associated with geminat®—),Si(OH), and 3.3.1. CTAB. The high shielded region of spectra-@ in

single (-O—)3SiOH silanol groups of 2 and 28%, respectively. Figure 3 included three well-resolved peaks at 0.8, 1.2, and 3.1
In sampleA500, the corresponding numbers dropped to 1.5% ppm. On the basis of théH MAS spectra of CTAB
and 12%. Clearly, the single SiOH groups are the dominant (CH3(CH,)1sN(CHz)3Br) in solution (not shown) and the tem-
silanol species in these materials. T values were estimated  plated MCM-41 sample (shown in Figure 4), we assigned these
with an accuracy of:0.5. resonances te-CHz, —CH,—, and—CH,—N(CHa)3 protons in

As expected, the most significant weight loss is observed for the residual surfactant molecules scattered inside the mesopores.
samples treated at the lower temperatures, owing to the removalSimilar results were reported earlier in mesoporous silicas by
of adsorbed water. The TGA and NMR curves show essentially Christiansen et df and Camus et & This assignment is in
parallel behavior at temperatures above @ The higher
initial rate of decrease in signal intensity observed by NMR is (26) Cohen, A. D.; Reid, CJ. Chem. Phys1956 25, 790-791.
due to prolonged evacuation at each temperature. At tempera- EZ Sokahara W é\/_f‘@’rggﬁ{”gF'ﬁﬁlp?fje?%%;%ﬁe‘m. Phys1958 28,
tures above 130C, the weight loss is mainly due to dehy- 2

)
)
8)
601-607.
Hindman, J. CJ. Chem. Physl966 44, 4582-4592.
droxylation. TheH intensity measurements were also carried (39 g i em. Phys1968
out with the rehydrated samp These results are shown in 76, 855-864. . .
(31) Gun’ko, V. M.; Zarko, V. I.; Turov, V. V.; Voronin, E. F.; Tischenko, V.
] 1] (32) Turov, V. V.; Chodorowski, S.; Leboda, R.; Skubiszewska-Zieba, J.; Brei,
3.3. Interpretation of H Spectra. Several 1D and 2D VoA Coiloids Surf. ALOBG 158 363 375
)
)
)
)

Cogley, D. R.; Falk, M.; Butler, J. N.; Grunwald, E.Phys. Cheml972
Table 3 and discussed in section 3.3.2.d. A.; Chuiko, A. A. Langmuir 1995 11, 2115-2120.
experiments were performed on sample sefieand B after (33) Pines, A.; Ruben, D. J.; Vega, S.; Mehring, Rhys. Re. Lett. 1976 36,

i 110-113.
each treatment under fa;t MAS. Only the most repr(.eser?tatwe(34 Kinney, D. R.: Chuang, |-S.: Maciel, G. . Am. Chem. S04.993 115
spectra relevant to the discussion below are shown in Figures " 6786-6794.
3-7, 911, and in the Supporting InformatidhAlso shown, (39 Riim. W. K Burum, D. P.; Elleman, D. Q0. Chem. Phys1979 71,

in Figure 8, are the structures of surface OH groups and water(36) Burum, D. P.; Rhim, W. KJ. Chem. Phys1979 70, 3553-3554.
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Figure 5. *H—'H DQ MAS NMR spectra of samplé (a), A30 (b), A130 (c), andA350 (d). For details, see the Experimental Section.

agreement with several other observations. First, the positionsmoieties containing hydrogen. In sampk30 and A130, the
of these resonances were unaffected by the thermal treatmentstrong cross-peaks were also observed between the protons in
Second, their intensities were strongly reduced by the treatmentsthe headgroup and the adjacentQjfoups. Furthermore, these
between 200 and 300C, and essentially eliminated after groups exhibit connectivities with the surface OH groups and
calcination at 35C°C (see Table 1), which concurs with the water, as evidenced by the weak vertical ridges in DQ spectra
TGA analysis of a templated sample (not shown). Third, these of Figure 5b,c. Strong cross-peaks between these species were
resonances did not reappear upon subsequent rehydrationalso observed in the 2D exchange spectra shown Figure 6b,d,f.
Finally, the presence of carbon in sampli80 was confirmed Note that these spectra were taken with= 100 ms, which
by H—13C CPMAS experiment, in which the resonances permitted long-range redistribution of magnetization due to spin
representing CTAB were clearly identifi@On the basis of  diffusion, even under 40 kHz MAS. However, weak cross-peaks
the'H signal intensities, the concentration of CTAB in sample between CTAB and surface species were observed at values of
A was estimated at 1 molecule/3 nm of channel length, which ¢, as short as 1 m®.Finally, clear evidence of the proximity
corresponded to 3.5 0.5% of the initial amount in the  of the headgroup and the GHroups in CTAB to the silica
templated sample. surface is found in théH—2%Si HETCOR spectrum of Figure

The 1D and 20/H NMR spectra pl’OVidEd additional details 7. The cross sections Corresponding ﬁ)@d Q shown at the
about the conformation and dynamics of these molecules. Thepottom of Figure 7 indicate that the Gigroups correlate mainly
DQ-filtered spectra of sample%, A30, andA130in Figure 5 with Q* sites, which is consistent with their hydrophobic
include the intense diagonal resonances due to CTAB, especiallycharacter. The tailgroup in CTAB appears to be more mobile,
at short excitation times. Since the DQ coherences are generategs the peak at 0.8 ppm is undersized at short excitation times
via the homonuclear dipotedipole coupling between protof8,  and does not correlate with other resonances in the DQ MAS
this demonstrates that relatively strold—'H interactions are andH—2°Si HETCOR spectra. These results strongly suggest
present within the CTAB’s headgroup-N(CH)s), the CH that the CTAB molecules reside in the prone position along
groups, and to a much lesser extent, within the tailgroupsJCH  the channel walls. We finally note that the resonance at 3.1
Thus, the surfactant molecules that remained in sar@éer ppm was essentially eliminated from spectrum (d) in Figure 3,
the extraction are relatively rigid in comparison with other \hile those at 0.8 and 1.2 ppm were still present. This indicates
(37) Camus, L.; Goletto, V.; Maquet, J.; Gervais, C.; Bonhomme, C.; Babonneau, that _CTAB has decomposed at around 280and that its head

F.; Massiot, D.J. Sol-Gel Sci. TechnoP003 26, 311—314. section was removed first.
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Figure 6. Two-dimensional exchang#i—H correlation spectra under 40 kHz MAS: (a) samplavith 7, = 0 ms; (b) samplé\ with 7, = 100 ms; (c)
sampleA30 with t, = 0 ms; (d) sampléA30 with 7, = 100 ms; (e) sampl&130 with 7, = 0 ms; and (f) sampl&130 with 7, = 100 ms.

3.3.2. Water and Silanol Groups. 3.3.2.a. Room Temper-  time of r, = 0 (shown in Figure 6a). The width of this spectrum
ature (Samples A and A30).The presence of water has a measured along the direction perpendicular to the diagonal
dominant effect on théH NMR spectra of the MSNs. The  corresponds to the residual homogeneous broadening under 40
samples exposed to high humidity, for example, during steam- kHz MAS. At 4.5 ppm, this broadening is Lorentzian with the
ing, exhibited a strong resonance at 4.8 ppm representing mostlyfwhm = 300 Hz and is due to the residual homonuclear coupling
weakly bound, relatively mobile watét.SampleA, exposed and the exchange processes to be discussed later.
to 55% relative humidity at 25C, exhibits a less intense The MAS, DQ MAS, and 2D exchange spectra of sample
resonance at around 4.5 ppm (Figure 3a). As expected, thisA30 are shown in Figures 3b, 5b, and 6¢,d. Afzeh evacuation,
resonance could not be observed in the DQ MAS NMR a significant amount of the adsorbed water was removed, as
spectrum of Figure 5a, due to motional averaging of the dipolar the peak at 4.5 ppm, which dominated the spectrum of the
coupling between neighboring protons. However, it was ob- hydrated sample, has decreased in intensity/b{see Figure
served in the conventional 2D exchange spectrum with a mixing 2b and Table 1) and shifted in the upfield direction to 4.1 ppm.
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a peak at 4.1 ppm in humidified fumed silica (Cab—Sil),

Q4 which they attributed to water molecules in fast exchange
between liquid and physically adsorbed states. The untreated
(i.e., not humidified) sample yielded a resonance at 3.5 ppm
assigned to physisorbed water, which could be easily desorbed
by evacuation at 25C. The evacuation at 10 led to further
decrease in the intensity of this resonance, which shifted to 3
ppm and was assigned to “rapidly exchanging weakly hydrogen-
] bonded hydroxyls, including those of both water and silanols”.
] As the water was being removed, the intensity of the resonance
- at 1.8 ppm representing non-hydrogen-bonded silanols increased.
: 1H MAS NMR study of dehydration and rehydration of fumed
] silicas (Cab-O—Sil and Aerosil 200) was also reported by De
[ ] la Caillerie et al® who assigned the resonance at around 2.7
8T ] ppm to strongly bound water which capped the silanol groups.

L ] They also concluded that at appropriately high water coverages,
10 b this proton population was in fast exchange with liquidlike water
70 -80 -90 -100 -110 -120 -130 -140 resonating at 5.8 ppm, yielding the resonances between 4.6 and

pem 2.7 ppm depending on the water content. More recently,

Grinberg et af? studied the hydrogen bonding of water in a
sample of MCM-41 which was calcined to 55C in order to
remove the surfactant prior to rehydration. In that study, the
peak at around 3 ppm was also attributed to fast exchange
between silanol groups and hydrogen-bonded water molecules.
MAS The TGA and'H NMR investigation of silicalites by Turov et
Q4
Q3

Q3

N
T

ppm
F-S
T

al. reported the chemical shift of water at around 5 ppm at room
temperaturé? Several other studies of silicas have also attributed
the resonances at 45 ppm to water on strongly hydrated
surfaces and those near 3 ppm to water on significantly
dehydrated surfaces, as reviewed by Turov ét al.

Clearly, the resonance shift between 4.8 and 4.1 ppm observed
12 10 8 6 4 2 0 -2 . . . . SR
ppm in our MSN system is consistent with gradual elimination of
Figure 7. Two-dimensionatH—2°Si CP HETCOR spectrum of MCM-41  the weakly adsorbed water. To propose the specific structures
sampleA30 taken under 40 kHz MAS. For details, see the Experimental for the surface species, we refer to the resultstdfsignal
Shection_lHStraces belowftt;]e 2D spectrurln repdrft-;ent, from top Ito bé)ttom, intensity measurements shown in Table 1. In san#pleve
the 1D MAS spectrum of the same sample andthepectra correlated to measuredny = 11.9 andnoy = 4.0, which means that it

Q* and @ silicon sites. . :
contained approximatelgy,o = 4 water molecules/nfn The

Note that the only additional features observed in the MAS Presence of a single resonance at 4.5 ppm in safpielicates
spectra of sample& andA30 (Figure 3a,b) are the previously the fast exchange between all silanol groups and water. As
discussed peaks representing CTAB and a residual broad pas@entioned earlier, the chemical shift of hydrogen in isolated
between 2 and 7 ppm. In Figure-6d, this base appears as a .(non-hydrogen-t?onded.) silanol groups, which in our samples
narrow diagonal ridge, which proves that the line broadening involve mainly single silanol groups and only a small amount
involved is mainly inhomogeneous (distributed) under fast MAS. Of geminal groups (see section 3.2 and Figure 8Db,c), lies at
The DQ-filtered spectrum of sampla30 (Figure 5b) also around 1.8 ppm. It is also known that protons in isolated (non-
exhibits a weak wide ridge along the diagonal, in addition to hydrogen-bonded) water molecules yield lines between 0.5 and
the peaks attributed to CTAB. This result is consistent with 1.5 PPm (see Table 2). The fact that the observed chemical shift,
greater than before rigidity of the contributing spins, which Which is determined by the weighted average of the shifts of
becomes increasingly apparent upon further thermal treatment.SPecies involved in the exchange, lies around 4.5 ppm in sample
The isolated, that is, non-hydrogen bonded, single and/or A must be attributed to the existence of hydrogen bonding
geminal SiOH groups were not detected directly at their usual Petween the exchanging species. One likely arrangement may
position around 1.8 ppf¥1438in the spectrum of Figure 3a. A involve a water molecule hydrogen bonded to two SiOH groups,
small peak at 1.8 ppm begun to emerge in sanAde (Figure as depicted in Figure 8d. This arrangement is similar to the (111)
3b) and became dominant at higher temperatures. face of3-crystoballite, which on the ideal surface, presents 4.5

Although similar spectral features were observed in previous SIOH groups/ni*?in close agreement to the silanol content
studies, the individual structures of surface species on silicasobserved here. While such ideal surfaces are not expected to
are not well understood. The intense resonance in #e@m extend inside the amorphous pores, the accumulated data on
range was earlier reported in other silicas at early stages of
hydration. By using the CRAMP®,Liu and Maciel observed (39 Sﬁ;gf‘fg”h%g-ég’l‘i”gg'zef"“' R. G.; Wilson, R. C.; Ryan, L.JMChem.
(40) Grinberg, R.; Emmler, T.; Gedat, E.; Shenderovich, I. G.; Findenegg, G.

(38) Hwang, S.-J.; Uner, D. O,; King, T. S.; Pruski, M.; Gerstein, BJ.(Rhys. H.; Limbach, H. H.; Buntkowsky, GChem—Eur. J. 2004 10, 5689~
Chem.1995 99, 3697-3703. 5696.
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Figure 8. Schematic representation of cylindrical mesopores of MCM-41 nanoparticles (a), single silanol groups (b), geminal silanol groups (c), and possibl
structures involving both the silanol groups and water on the pore surfa@®.(@he values of chemical shift are assigned to these structures according to
refs 9 and 40 and Table 2.

various types of silicas point to the presence of small local Finally, thelH MAS spectrum of samplA&30 yieldedny =
segments of the silica surface that resemble the known crystal7.5 andni,0 = 1.7 (assuming thaion = 4.0, as in sample A).
structures, such gé-crystoballite!? Note, however, that upon  In addition, a weak peak at 1.8 ppm, representing the isolated
dehydration, such structures would convert into isolated silanol SiOH groups, and a wide base between 2 and 8 ppm emerged
groups situated 0.5 nm apart and pointing into the pore center.in the spectrum with the intensities of approximately 0.3 and
They would not form hydrogen bonds with the surface, and 1.3 protons/nr(Table 1). As will be detailed in the following
thus would only explain the presence of a peak at 1.8 ppm (seesection, the wide base involves the surface silanols that are
Figure 8b and section 3.3.2.b). To account for the hydrogen- hydrogen bonded to the surface, such as those shown in Figure
bonded silanol groups in less hydrated and dehydrated samplege. The 2D exchange spectra show that slow exchange of
(again, see Figure 8e and section 3.3.2.b), we must also considemagnetization between these species and other populations of
the structures in which the OH groups can interact with the protons in samplé\30 takes place on the time scale of-10
surface. A model of MCM-41 silica composed of the tridymite 100 ms under the conditions of this experiment (Figure 6d).
fragments discussed by Shenderovich é¢aicludes such sites. ~ Since it can be safely assumed that the loss of hydrogen in this
The roughness of inner pore surface may provide additional Sample is associated solely with the removal of weakly bound
opportunities for the formation of such bonds, especially in pores Water;®we can estimate that the exchange resonance at 4.1 ppm
as small as 2.5 nm. Again, the coordination of water near suchinvolves SiOH-(H2O), species witm = 0.75+ 0.1. Assuming
sites could be similar to that of Figure 8d. Given thato = that these species are similar to those shown in Figure 8d, with
Nor in sampleA and assuming that the chemical shifts of silanol the water molecule hopping between the silanols participating
groups involved in hydrogen bonds with water are around 5.5 in the exchange, we expected the averaged chemical shift would
ppm (see Table 2 and refs 9 and 40), a value close to 4.5 ppmindeed be near 4.0 ppm. Itis likely that the SiOH.0 species
is indeed expected for the proposed species under fast exchang@epicted in Figure 8g participate in this process, as well.
conditions. A similar shift would be observed for the structure ~ 3-3-2:0. Samples Evacuated at Temperatures between 90
depicted in Figure 8f, although it is not clear to us if such and200°C.The MAS, DQ MAS, and 2D exchange spectra of
configuration would be sterically realistic. sample A evacuated in this temperature range reflect the
. . o processes associated with the final stages of dehydration and
We note thainy,o = 4 corresponds to water density within . .
. S the onset of dehydroxylation. The 1D MAS spectra (see Figure
the pores of approximately 0.16 g/&mwhich is far under . . -
: . : . 3) showed the trends that are consistent with the assignments
maximum capacity. As mentioned earlier, we also performed made above. (i) The resonances at 0.8 and 1.2 ppm representing
IH NMR experiments with sampl& whose water content was ) i .

approxmatly doutied b steaming, The WAS specnmal e £120 1S( SOPromattie o e i coneeruaer
steamed sample at room _temper_ature e)_(h'b'ted a single r€SOweakened considerably, and its first moment further shifted
nance at 4'8. ppr?f, which is con3|.stent' with the presence of toward high shielding, from around 4.1 ppm in samplg0
fast gxchanglng SIOH(H20), Species witm = 2. Inth|§ case, toward 3.0 ppm in sampleA90 (note, however, that the
the increased water content weighted more heavily on the

i hift | h hat virtually all of th contribution from the remaining SIiOHH-0), species to the
resu ting shi ..Our spectra aiso show that virtually all of the peak at around 3.0 ppm in Figure 3c is negligible; it represents
silanol groups in samplA contributed to the resonances at 4.5

‘ ) primarily the CH protons in the headgroup of CTAB); (iii) the
and 4.8 ppm, that is, they were accessible to water, and that alliyiengity of the distributed resonance representing hydrogen-
water molecules in this sampke participated in the exchange

i X bonded surface silanols remained relatively constant in this
at various stages of hydration. In cases when1 (see below), temperature range at approximately 1.7 proton&/r(i) the
this implies that water molecules hop between the silanols at

“*resonance at-1.8 ppm, representing the isolated (i.e., non-
rates greater than those of the spectral range for the eXChang'ng\ydrogen-bonded) silanol groups, has clearly emerged. The
species (12 kHz). Since the activation energies of the hydrogen

; (41) Bureiko, S. F.; Golubev, N. S.; Denisov, G. S.; Lange, IRéact. Kinet.
bonds are estimated to be on the order of 1 kJAh®d such Catal Lt 1977 7, 130144
rates are fully expected. (42) Denisov, G. S.; Golubev, N. S. Mol. Struct.1981, 75, 311—326.
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signal intensity measurements showed a significant decrease obpeeds (spectra not shown) and tHdt'H double quantum
ny between sampleA30 and A90, from 7.5 to 3.6 protons/  coherences can be generated in these samples shows that a
nn?, followed by a monotonic, albeit, much slower decrease to reasonably strong dipolar coupling is present, which is in
3.0 protons/nrhat 200°C (see Figure 2). The gradual shift of agreement with the dipolar dephasing CRAMPS experiments
the resonance assigned to the species Si(HO), toward 3.0 on other silica$:” (iii) The distributed resonance is present in
ppm is consistent with “dehydration” of the surface, which is the 2DH—2°Si HETCOR NMR spectrum obtained using cross
essentially over at 90C and which is accompanied by an polarization (Figure 7), which is consistent with the hydrogens’
increased presence of hydrogen-bonded and isolated silanobroximity to the surface and low mobility. (iv) As water is
groups. Indeed, other studies have conclusively shown that theremoved, these species remain on the surface, but are not
desorption of water is essentially complete at the low end of spatially isolated. An RFDR experiment performed with=
the 100-130°C range in most silica® 10 m£° shows a considerable redistribution of magnetization
The typical 2D exchange and DQ MAS spectra of samples through spin diffusion which, again, implies that the interacting
A90 throughA200 are shown in Figure 5c,d. The DQ-filtered  species are in close proximity<(. nm)#4
line shapes are in better agreement with those of the 1D MAS The above findings are consistent with the ridge representing
spectra, which shows that there is considerable increase ofthe strongly hydrogen-bonded SiOH groups, such as those
dipolar coupling between protons on the surface due to reduceddepicted in Figure 8e, in widely distributed bonding configura-
mobility. The exchange spectra are inhomogeneously broadenedions on the pore surface. Water does not contribute to this
(Figure 6e), with extensive exchange observed at long mixing resonance. The seemingly extensive chemical shift range of at
times (Figure 6f). least 6 ppm associated with this peak can be reasonably
With the sharp resonances at 0.8, 1.2, 1.8, and 3.0 ppm being@ttributed to the heterogeneity of silica surface. Indeed, accord-
well understood, we now concern ourselves with the “content” ing to the experimental data compiled in ref 43, a 0.01 nm
of the distributed resonance that underlies these sharp peaks irfleviation of the proton from the center of a hydrogen bond can
the A series of samples. Although we have already assigned resultin a resonance shift of almost 5 ppm. The overall decrease
this feature to hydrogen-bonded SiOH groups, a more detailed of this resonance with temperature is due to condensation of
analysis of this resonance is warranted. Earlier studies of silicaadjacent silanols, which is also associated with the broadening
gel$ and fumed silica&® have attributed the broad resonance(s) Of ?Si spectra (see below).
between 2 and 8 ppm to SiOH groups that are hydrogen bonded 3.3.2.c. Samples Evacuated between 250 and 5@\ The
to other silanols and/or to water. The water molecules involved signal intensity measurements showed further decrease of the
in such bonds may have also contributed to this gdakzisher total hydrogen content from 3.8 protons/at 250°C to 1.6
S-679 silica gel and H-5 CahO—Sil fumed silica, this  protons/nm at 500°C (see Figure 2 and Table 1). With the
resonance could not be narrowed by CRAMPS, which indicated adsorbed water being already removed, this intensity loss was
its heterogeneous nature. TH&¢ CRAMPS dipolar dephasing  associated with dehydroxylation and the removal of CTAB.
experiment attenuated this resonahéeyhich was consistent  Indeed, the resonances at 0.8, 1.2, and 3.1 ppm, representing
with its interpretation as silanol groups involved in strong dipolar CTAB, lost more than one-half of their initial intensity at 250
interactions. Also, it is well-known that hydrogen bonding °C and practically disappeared at 3%0. Most of the remaining
produces a shift to lower shielding. Since its magnitude intensity of the'H NMR signal was involved in the resonance
effectively depends on the strength of the hydrogen bortfing, at 1.8 ppm representing the isolated OH groups and in the
a wide dispersion of chemical shifts is indeed expected on the distributed resonance representing the hydrogen-bonded silanols.
irregular silica surface. The decrease in intensity of this The?*Si MAS NMR spectra of samples350 andA500 showed
resonance between 100 and 2&8)was attributed to condensa- that the relative concentration oR®ites was the same as that
tion of OH groups, which started in the low-shielding side of in the hydrated sampl@, that is, less than 2%. This is an
the spectrum, due to stronger hydrogen bondidam and expected result because they are not prone to dehydroxylation.
Farf studied mesoporous-templated and -untemplated silicate The line width 0f?°Si NMR spectrum of sampla500increased
thin films, where the wide, although less distributed, reso- by ~100 Hz, which reflects the higher variation of local
nance at around 6.5 ppm was also observed in 1D MAS and geometry, bond angles, and lengths, due to the surface recon-
DQ MAS H NMR spectra and was attributed to SiOH protons struction upon dehydroxylation. The dehydroxylation involved
that are strongly bonded to either the silicate framework or the mostly the hydrogen-bonded SiOH groups, which #af their
surfactant. maximum intensity after evacuation at 500 (see Table 1).
With regard to the distributed resonance in samfleour The isolated single SiOH groups were diminished by dily
findings can be summarized as follows. (i) It appears in the under the same conditions. A similar trend was earlier postulated
spectrum at the expense of the “exchange” peak between 3 and®n the basis of structure simulations of MCM-41 matetial.
5 ppm and remains relatively intense after the thermal treatment The DQ *H—'H MAS spectra measured in this temperature
at temperatures exceeding 300. (ii) It is inhomogeneously ~ range (see Figure 5d) showed considerable double quantum
broadened under 40 kHz MAS, as evidenced by 2D exchangecorrelations between the pairs of isolated OH groups as well as
NMR. The homogeneous contribution to the broadening mea- Pairs including two hydrogen-bonded protons. The correlations
sured across the ridge is a function of line position, thermal between isolated and hydrogen-bonded silanol groups can be
treatment, and the spinning speed. The fact that the ridgealso discerned in Figure 5d, which shows that the two species
broadens in the 2D exchange spectra taken at lower spinning

(44) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid State NMR and
Polymers Academic Press: New York, 1994.

(43) Emmler, T.; Gieschler, S.; Limbach, H. H.; Buntkowsky,JGMol. Struct. (45) Jentys, A.; Kleestorfer, K.; Vinek, HMicroporous Mesoporous Mater.
2004 700, 29—-38. 1999 27, 321—-328.
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Figure 9. *H NMR spectra of samplB taken under 25 kHz MAS using a 3.2 mm probe:=—¢ samples8, B30, andB250 measured at room temperature,
respectively; (e-f) sampleB30 measured at-25, 0, and 100C, respectively. The sample temperatures were calibrated using leachétriteare accurate

to within +5°.
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Figure 10. Two-dimensionatH—H exchange spectra of MCM-41 samiB&0 at various MAS rates and mixing conditions: @)= 10 ms, static rotor;
(b) Tm = 0 ms,vg = 40 kHz; (c)7m = 10 ms,vr = 40 kHz; and (d)tm = 10 ms with RFDRgr = 40 kHz.

are distributed relatively homogeneously on the surface. The

3.3.2.d. Rehydration and Subsequent DehydrationThe

excitation of DQ coherences involving only the hydrogen- water removed by evacuation was easily re-adsorbed upon
bonded species required a shorter time period, whereas the pairsubsequent exposure of the calcined silica to ambient conditions
involving one or two isolated silanol groups developed the DQ or steaming. To study the rehydration process, we performed
coherences at a slower rate. This may be attributed to the closesolid-state NMR measurements on samples denoted as series
proximity of the hydrogen-bonded species to each other. The B, prepared from samplA500 by steaming and by repeated
rotational motion of isolated OH groups may have contributed thermal treatment, as described in the Experimental Section.
to this effect, as well. The exchange spectra (not shown) Selected 1D and 2BH spectra of sampleB, B30, andB250
indicated that the homogeneous broadening has further dimin-are shown in Figures 9 and 10. Table 3 includes the results of
ished under 40 kHz MAS, and that the magnetization exchange!H signal intensity measurements. Since the initial calcination
between the remaining surface species, which proceeds mainlyof sampleA resulted in complete removal of CTAB and partial

via spin diffusion, was further inhibited.
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closely the pattern reported in earlier studies of calcined silicas, evidenced by the heterogeneous line broadening observed in

which we reviewed in sections 3.3.2.a and 3.372.iThe Figure 10b-d; and (v) the exchange between these environments
noteworthy differences between tAeandB series of samples  can occur via the spin diffusion (Figure 10d). In addition, all
are discussed below. hydrogen species present in sampf@0 appear to be in fast
The analysis of°Si NMR spectra yielded the silanol group ~€xchange in the spectrum taken at T@D(Figure 9d).
concentratiomoy = 1.7 4 0.5 per nm in sampleB, which, as Interestingly, in sampl830, this resonance became narrower

expected, is the same as that in samp&90 (see Table 1).  when the spectrum was taken at subambient temperatures. A
The individual line widths in thé°Si NMR spectra of sample  similar narrowing effect was earlier observed by Kinney ét'al.

B also remained similar to that observed in sami©0, that in untreated high-surface silicas by CRAMPS. It was
is, they were increased by100 Hz with respect to uncalcined ~ attributed to the quenching of chemical exchange and/or the
sampleA due to the formation of strained SD—Si bonds. reduction of molecular motion that, at room temperature,

These results demonstrated that the reconstruction of silicainterfered with line-narrowing capabilities of CRAMPS. These
surface, which occurred during the initial calcination, was €xplanations, however, do not apply to our samples in view of
permanent. Indeed, a series f NMR experiments during the 2D NMR spectra discussed above. In addition, the broad
ensuing cycles of hydration and rehydration were performed, resonance shifted toward low shielding at lower temperatures
which showed that these processes were reversible in the 30 (compare spectra a and d in Figure 9), which cannot be attributed
500°C temperature range. We have also verified experimentally to exchange. Interestingly, the chemical shift observed 2

that subsequent rehydration/dehydration cycles did not further °C (around 7.2 ppm) agrees with that of ice (see Table 2). While
alter the width of2°Si NMR spectra. the presence of icelike hydrogen-bonded networks can be

The 'H MAS spectrum of sampl& (Figure 9a) consists of excluded in our silicas (again, based on the results of 2D
a dominant resonance at 4.8 ppm representing mainly the Weaklyexchange NMR, as well as on earlier studies of freezing behavior

adsorbed water, whose concentration corresponds to 28 H atomsP! Water in such systerffy, this shift implies that the water
nn? (see Table 3). Thus, the,o:now ratio is almost 8 in sample molecules contributing to the broad resonance are in a strong
. , they,o!

B. As those in the case of sampe the isolated silanol groups ~ Ydrogen bonding environmefitMore detailed structures of
were not directly observed in the spectrum because of the fast!€S€ SPecies cannot be given thus far and perhaps are worthy

exchange with water. In sampR80, the exchange resonance ©°f @n independent investigation.

was shifted to near 3.0 ppm and reduced in intensity by a factor e also note that th& MAS spectra of sampleB100and

of more than 10 (Figure 9b and Table 3). This peak is B250were essentially the same as that of samy#60, that is,
homogeneously broadened (see Figure 10b) and was notdominated by the resonance at 1.8 ppm representing isolated
observed in samplB100 (spectrum not shown). Th&,o:Now silanol groups.

ratio is approximately 1 in sampl@30; however, more than Finally, our data suggest that the pore-filling mechanism
one-half of the water molecules is involved in the broad during rehydration involves a homogeneous radial growth of
resonance (See be|ow)_ ThUS, the narrow peak at 3.0 pmeater coverage. In a recent Study of a pore-filling mechanism
represents fast exchanging species with the overall averageh mesoporous silicas, Gnberg et af reported the existence
stoichiometry of approximately SIOHH,O)o 5 The exchange of a bimodal distribution of the thickness of a water layer in

may include single SiOH groups and hydrogen-bonded struc- Mesoporous MCM-41 silicas. According to this analysis, the
tures as shown in Figure 8d,g. MCM-41s exhibit an axial filling of the pores, such that at

intermediate water contents, pores that are filled with water and
pores/regions with partial surface coverage can coexist in the
sample. Such coexistence was postulated in a sample with a
pore diameter of 1.7 nm at a surface coverage of arounglr H

Only a small fraction of this peak’s intensity can be attributed molecules/nrfy where the resonances at 4.7 and 3.0 ppm were

to the hydrogen-bonded SiOH species (Figure 8e) because theflmultaneously pfese”t in the reported spectrum. We have not
were mostly (and irreversibly) depleted during dehydroxylation obsgrved such b'.".“’da' spectra in ou“r MCM',,A'l silicas under
under vacuum at temperatures exceeding ZDAVioreover, in eqwhprated condltlons. Although the “wettest” surface corre-
sampleB, this resonance vanished at temperatures below 100Spondlng fo Figure 3 was measured to have _only ZOH

°C (i.e., in the temperature range characteristic of dehydration). molecules/nrf) the measured spectra of samﬁewlth up to
Thus, it is assigned to water in a form which is more strongly 13 H,0 molecules/nrh (see Table 3) also involved only one
adsorbed on the silica surface than the mobile form contributing resonance betyveen 3 and 5 ppm. It sh(_)uld be noted, however,
to the narrow peak. The 2D spectra of sam®8® (Figure 10) that the pore diameter qf our MCM-4ls is larger (2.5 nm), thus
show that (i) this water species is indeed “immobile”, as the the alternative mechanism of radial growth of water coverage

corresponding resonance broadened beyond detection in théoward the pore center proposed for SBA-15 sffiomay be

static exchange spectrum of Figure 10a; (ii) these species areoperable. To further corroborate this point, we compare, in

not clustered, as the homogeneous contribution to the observeo‘z |?1u(rje 1.1’ th? MAS;@E?LW takep |r71[rt:1ed|?tely aft;a ' 'Zat:t'al
line width is only 25-60 Hz under 40 kHz MAS (Figure 10p)  'c yaration of samp y removing the rotor cap for 2,

and 1006-200 Hz when the same spectrum is taken under 10 with a §pectrum of the same sample taken 12 h later. Spgctrum
kHz MAS (not shown); (iii) it is not in fast exchange with the (a) exhibits two resonances centered-tl and 3.5 ppm, which

species resonating at 3.0 ppm, but does chemically exchangemerged into one line at 3.8 ppm after water redistributed within

Wlth those speC|e§ on a time scale of 10_ ms (Flgure 10c); (iv) (46) Sklari, S.; Rahiala, H.; Stathopoulos, V.; Rosenholm, J.; Pomonis, P.
it occupies a variety of hydrogen bonding environments, as Mesoporous Mater2001, 49, 1-13.

Also observed in Figures 9a,b and 1fbis a broad resonance
between~2 and 8 ppm, whose intensity corresponds to
approximatel 3 H atoms/nrA Although this feature is similar
to that described in thA series, its interpretation is different.
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sample serie involved the removal of relatively mobile water
followed by gradual dehydroxylation at higher temperatures.
Water molecules were adsorbed near the SiOH silanol groups
to which they were bound via weak hydrogen bonds. At the
(@) high level of hydration, all SiOH groups were involved in the
rapidly exchanging SiOH(H,0), species, whose structures
were postulated based on the observed chemical shifts and
spectral intensities. The resonances assigned to isolated SiOH
(b) groups and the SiOH groups that are hydrogen bonded to the
surface emerged in the spectra upon dehydration &E9Their
' T T T T T T T T T ' concentrations monotonically decreased upon further thermal
treatment, with the hydrogen-bonded SiOH species being more
Figure 12, H MAS (40 kHz) spectra of MCM-41 sampla300 after susceptible to dehydroxylation. The r_nole_cular dynamics, chemi-
rehydratic;n under ambient conditions for 4 h; spectrum taken immediately qu exchange processe_s, and spin dlffu5|on_proce_sses aS§OCIaIEd
following rehydration (a) and 12 h later (b). with these transformations were characterized via two-dimen-
sional'H—'H double quantum and exchange NMR.

the sample. A similar transient effect was earlier observed in  Rehydration/Dehydration of Calcined MSNs (B Series of
fumed silicas’ Samples).After thermal treatment of MCM-41 silicas at 500
°C, water re-adsorbed inside the pores was mainly in the form
of a mobile SiOH-(H,0), species and a strongly adsorbed form
Herein is described a systematic solid-state NMR study of that is yet to be identified. The reconstruction of silica surface
MCM-41-type mesoporous silica nanoparticles (MSNs) prepared jnside the pores, which occurred during the initial calcination,
under low surfactant concentration. The NMR measurementsyag permanent. After thermal treatment of the sanfplat
were employed at MAS rates of up to 45 kHz. These provided temperatures exceeding 10C, the concentrations of both

high-quality resolution and excellent means for implementing solated and hydrogen-bonded SiOH species were similar to that
various homo- and heteronuclear two-dimensional methods. Thegpserved in sampl&500.

samples were studied after acid extraction of the CTAB
surfactant, followed by drying and exposure to ambient condi-  Acknowledgment. This research was supported at Ames
tions (sampleA), after thermal treatment between 30 and 500 Laboratory by the U.S. DOE, Office of BES, under Contract
°C at 10 atm (sample serieA30—A500) and during subse-  W-7405-Eng-82, and by the NSF (CHE-0239570). The authors
quent cycles of rehydration and dehydration (sample s&jes  are indebted to Dr. B. C. Gerstein for valuable comments.
CTAB. After acid extraction, CTAB molecules were identi-
fied in the concentration corresponding to 1 molecule/3 nm of ~ Supporting Information Available: Additional NMR char-
the channel length. These molecules were located in mostly cterizations of seried samples (PDF), including®Si MAS,
prone positions along the channel walls in the areas occupied'H MAS, 2°Si{'H} CPMAS, 1*C{*H} CPMAS, and 2DH—'H
by the ¢ silicon sites. CTAB was found to decompose at around SPectra, as well as the 2B1—'H spectrum of glycine. This
250 °C, and its head section was removed first from the Mmaterial is available free of charge via the Internet at
mesopores. Sampk350 was essentially CTAB-free. http://pubs.acs.org.
Dehydration of As-Synthesized MSNs (A Series of Samples).
As expected, at temperatures of-380 °C, the dehydration of ~ JA043567E
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4. Summary
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