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Abstract: Achieving high degrees of molecular confinement in materials is a difficult synthetic challenge
that is critical for understanding supramolecular chemistry on solid surfaces and control of host—guest
complexation for selective adsorption and heterogeneous catalysis. In this Article, using ?H MAS NMR
spectroscopy of tethered carbamates as a molecular probe, we systematically investigate the degree of
steric confinement within three types of materials: two-dimensional silica surface, bulk amorphous
microporous silica, and bulk amorphous mesoporous silica. The resulting NMR spectra are described with
a simple two-site hopping model for motion and prove that the bulk silica network severely limits the molecular
mobility of the immobilized carbamate at room temperature to the same degree as surface-functionalized
materials at low-temperatures (~210 K). Raising the temperature of the bulk materials to 413 K still
demonstrates the effect of confinement, as manifested in significantly longer characteristic times for the
immobilized carbamate relative to surface-functionalized materials at room temperature. The environment
surrounding the carbonyl functionality of the immobilized carbamate is investigated using FT-IR spectroscopy,
which shows the carbonyl stretching band to be equally shifted for all materials to lower wavenumbers
relative to its noninteracting value in carbon tetrachloride solvent. These results suggest that electrostatic
interactions between the carbonyl of the immobilized carbamate and silica surface may play an important
role in confining the immobilized carbamate and nucleating the formation of a pore wall close to the
immobilized carbamate during bulk materials synthesis.

Introduction Confinement facilitates multiple points of contact between a
guest molecule and the chiral host active $ite, general

condition that is desired for stereoselective control of chemical
reactivity16 However, the high degree of molecular confinement
that is typical of biological active sites has heretofore been

ifficult to reproduce in synthetic systerhd?

The molecular motion of an entity occluded within a host
active site can be used as a local probe of environment that
correlates inversely with degree of molecular confinement. The
motion of occluded molecules within bulk crystalline materials

Molecular confinement is a hallmark of biological catalysts
and molecular receptots® The degree of confinement in
protein active sites facilitates stereoselective molecular recogni-
tion and catalysi45” The beneficial effect of confinement on
stereoselective transformations has also been demonstrated iff
synthetic catalyst%;14 photocatalyst$® and binding site$%-19
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has been previously studied in clathrates and three-dimensionalScheme 1.
Silicate Network

zeolitic pores usingH NMR spectroscopy!22 Most of these
molecules contain a significant amount of molecular motion,
albeit less than an isotropic liqui@ The relatively rare exception

Immobilization of 1 in Three-Dimensional Microporous

HaC Djj)\ oFt
o) II\I/\/\SIi—OEt

to this, in which the occluded molecule is rigid as in a static H OEt
situation, has been observed when there are multiple specific 1
interactions, such as via hydrogen bonding, of the occluded
molecule with the surrounding framewotk?® OCH,CH,
Several previous studies of species tethered to a pre-existing 50 H3°HZC°‘2‘;3°;;CH3
2 3

two-dimensional silica surface have utilized NMR spectroscopy
for measuring the conformational mobility of long-chain
aliphatic molecules. In studies on various surface-grafted
branched alkoxysilane$,2” as well as long-chaimn-alkyl

1) acid-catalyzed
sol-gel hydrolysis
and condensation

silanes?8-32 several mobility trends have emerged. Carbons in 2) capping
close proximity to the silica surface demonstrate more rigidity
and confinement relative to carbons further away from the silica S'(
surface?® and shorter alkyl chains are more disordered than ?’ \s/i/
longer one%? Yet the degree of molecular motion of the bound o’s'~ ) 0-Si_g b o.%«
end in these systems is still relatively high in comparison to a B i'o-s"O—H \Si’o‘,s( \S—iio‘
static situation at temperatures above 20833 :Si/o HC. D o--HO O-si s
Our goal is to study the steric confinement of isolated \ g; OJ\N/\/\S(_O& O0-si—
molecules that are tethered to the interior surface of bulk si H k) S'\O h
microporous and mesoporous amorphous silicate material L9 HO-. o _O,Si\o_s'i,,,,
networks. Examples of the synthesis of these bulk materials are $70.6i-0g-0-g 0 O 0
shown in Scheme 1 (microporous) and Scheme 2 (mesoporous). “Si— _si. O;Si_o/Si'o’S'
Our study, in which the tethered species is located within a three- I o\‘\Si;o © ¢
dimensional network, is different from previous studies of —/S\i
molecular motion of tethered species in porous amorphous 2

silicates, which have relied either upon tethering a molecule

onto a preexisting two-dimensional surface as illustrated in contact between the molecule and the network at the point of
Scheme %:2829340or upon synthesis of bulk organosilane tethering, as well as additional specific interactions with the
homopolymerg’3 The change in pore size that results from surface, which necessitate silica nucleation in close proximity
grafting a small molecule onto a surface is small when compared (distances less than 3.5 A) to the occluded molecule. The
to the pore diameter of preexisting silica supports (60 A for mesoporous silica synthesis used here has been carefully
Selecto 60 and macroporous for Aeroperl 300). For this reason,designed to synthesize hierarchical porosity in which a mi-
small molecules postsynthetically tethered to a silica support croporous silicate cage is formed around the tethered molecule,
exist on a two-dimensional surface rather than in any type of while synthesizing mesoporosity in the remainder of the

three-dimensional confinement.

network. If the mesoporous synthesis has been successfully

The fundamental difference of the concurrent bulk synthesis accomplished, the degree of confinement in this material will

is that it allows the formation of a silicate cage around the
occluded molecule, so as to make a locally “tight fit” between

it and the amorphous material network during the process of

silica condensation. The local “tightness of fit” surrounding the
occluded molecule is driven by the requirement for covalent
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be similar to bulk microporous material, which contains no
mesoporosity®

A critical question that we wish to address is the difference
in restricting molecular motion, or equivalently increasing degree
of confinement, when using a two-dimensional versus three-
dimensional surface for tethering. A second question is whether
it is possible to achieve the same degree of steric confinement
by synthesizing a bulk mesoporous as compared to a bulk
microporous silica network. Here, we investigate molecular
motion around the chiral carbon of immobilized molecdle
using solid-statéH NMR spectroscopy. The rotational mobility
about the G-O axis of moleculel involving the chiral carbon
is targeted because the end group dynamics are considered to
be a good probe for the geometrical confinement of the
immediate surroundings of the immobilized carbamate,?&hd
NMR spectroscopy is well suited for this purpose. For enabling
this study, we have labeled the chiral carbon with deuterium.
The nonisotopically enriched isomer df has been used
previously for synthesizing bulk, microporous silica via an

(36) Ini, S.; Defreese, J. L.; Parra-Vasquez, N.; Katziater. Res. Soc. Symp.
Proc. 2002 723 2.3.1-2.3.7.
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Scheme 2. Immobilization of 1 in Three-Dimensional Mesoporous Scheme 3. Immobilization of 1 in Two-Dimensional Mesoporous
Silicate Network Silicate Network
o}
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[
1) two-step acid- silica surface
and base-catalyzed
sol-gel hydrolysis 1) grafti_ng
and condensation 2) capping
2) capping

4 = Selecto silica support
5 = Aeroperl silica support

mesoporous silica mesoporous silica

imprinting process, and the resulting imprinted material has CHSi); 43.4 CH:CH,CH:Si); 58.4 (Si(QCH2CHa)3); 126.0 (Ar-C);
recently demonstrated shape-selective adsorption into the im-(leZ;()Ar:WCZ);317218.241(2'A1r_(gli|1§N30C§?i; 1357‘31251:2)0)- Mass spectrum

. H . v . . 31 =1H . .
printed binding pocketS. Bulk Microporous Materials Synthesis. The bulk microporous
Experimental Section material was synthesized according to published procedtfes.

Bulk Mesoporous Materials Synthesis.The mesoporous material
was synthesized by dissolving 1.80 mmollg.668 g) and 89.6 mmol
of TEOS (20 mL) in 63 mL of absolute ethanol. The solution was
brought to reflux, and the following aliquots were added at 1 h
intervals: 0.5 mL of pH 2.@-toluenesulfonic acid, 0.5 mL of pH 2.0
p-toluenesulfonic acid, 3.9 mL of water, and 3.9 mL of water. The
solution was refluxed fol h after the last water addition. After 10
min of cooling, the solution was added to 4.4 mL of aqgueous ammonium
hydroxide (pH 11.7) under vigorous stirring. After the material formed
an optically transparent gel, it was aged for 24 h at room temperature
and then dried in an oven at AT for at least 10 days. The silica
monoliths were ground te10 um particles and Soxhlet extracted for
24 h in anhydrous acetonitrile refluxing over calcium hydride.

Surface-Grafted Mesoporous Materials SynthesisThe surface-
grafted materials were prepared by dissolving 0.1 mmdliof20 mL
of glacial acetic acid. To the solution was addzg of Selecto 60 or
Aeroperl 300 silica. The mixtures were stirred at“bovernight. The
silica was then filtered and Soxhlet extracted in anhydrous benzene
refluxing over calcium hydride.

Materials Capping and Deprotection ProceduresThe framework
silanol groups on each of the materials were capped with trimethylsilyl

Synthesis of 3-Triethoxysilylpropyl-carbamic Acid 1-Phenyl-1-
deutero-ethyl Ester (1). The molecule was prepared from the parent
alcohol by standard coupling procedufésTo a solution of 1,%
carbonyldiimidazole (6.71 g, 41.4 mmol) and a catalytic amount of
sodium ethoxide in anhydrous THF (60 mL) was added neat 1-phe-
nylethan-1€;-ol (5.0 g, 40.6 mmol). The solution was stirred at room
temperature for 12 h prior to the addition of 3-(aminopropyl)-
triethoxysilane (10.0 mL, 42.7 mmol). The solution was then stirred
for 3 h at room temperature. Following solvent removal, excess
imidazole was precipitated with hexane and removed by filtration. The
crude product was purified by column chromatography (Silica Gel 60,
2/1 viIv hexanel/ethyl acetate) to yield a clear oil (11.53 g, yield 77%).
IH NMR 400 MHz (CDCh) 6 (ppm): 0.618-0.659 (2H, m, Cht
CHzCHzSI(OCHzCH3)3), 1.241 (9H, t,J = 7.0 Hz, SI(OCHCH3)3),
1.534 (3H, s, PhCD(B3)0); 1.595-1.670 (2H, m, CHCH,CH,Si-
(OCH,CHg)s); 3.114-3.207 (2H, m, ®1,CH,CH,Si(OCHCHj)3); 3.832
(6H, q,J = 7.0 Hz, Si(OGH,CHjs)s); 5.145 (1H, bs, M); 7.235-7.565
(5H, m, Ar—H). 13C{*H} NMR 400 MHz (CDC}) 6 (ppm): 7.6 (CH-
CH,CH,Si); 18.3 (Si(OCHCHj3)3); 22.4 (PhCDCH3)0); 23.3 (CHCH,-

(37) Defreese, J. L.; Katz, Avlicroporous Mesoporous Mate2006§ 89, 25—
32
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(TMS) groups according to published proced#eé8:4°To confirm site- The mesoporous materials synthesis was carefully designed
isolation, carbamates in surface-grafted matefialere subjected to  to create a material with hierarchical porosity, possessing
deprotectlon Via publlshed procedu?ésl)/hlch SyntheSIZed primary microporous active sites to accomp“sh confinemert ahd a
amines for use in catalysis experiments via cleavage of the c:arbamatemesoporous framework for facilitating mass transport. The
bond in the immobilized. . i . synthetic strategy is based on a two-step atidse sotgel
FT-IR Sample Preparation. Prior to sample preparation, the hydrolysig4-46 that avoids the use of surfactafitor block

potassium bromide was dried at 300 under vacuum for at least 12 8 ri .
h. The silica materials were dried at 120 under vacuum for at least copolymers’® which could potentially cause local phase separa-

12 h. Sample pellets were prepared using a hydraulic press, wth3 ~ tion and aggregation of tethered species within hydrophobic
mg of silica material in approximately 200 mg of potassium bromide. domains of a micellar structure. The initial acid-catalyzed step
The FT-IR spectra were recorded on gNirged instrument, with each ~ Synthesizes small oligomers of silica that condense around
spectrum the average of 128 interferograms and covering a spectralisolated species of hydrolyzetj*445 with low water content
range from 4000 to 400 cri. For each of the materials, both the  contributing to maintenance of conditions favoring random
protected { intact) and the deprotected materials were examined. copolymerization of the silica precursor ahd® This acid step
Because of the low abundance bfwithin the silica material, each  that synthesizes a silicate shell around immobilizésifollowed
deprot_ected material was subtragte_d from the protgcted m_aterlal to by a base-catalyzed hydrolysis that synthesizes bulk mesopo-
Ezlri(;ttl\e/ew observe the characteristic bands due to immobilized car- rosity during condensation. The resulting glass is optically clear
' with no visible phase separation, as opaqueness can be indicative
Results and Discussion of aggregation processes within the bulk séfid.he material
also displays the desired bimodal pore size distribution, contain-

Materials Synthesis and Characterization.Our materials ing both acti ite mi . d bulk network
synthesis procedures are carefully designed to ensure isolatior]"d POth active site microporosity and bulk network mesopo-

of the immobilized carbamate molecules. Previous studies of rosity 3.5 A base-cataly;ed prpbe reaction consisting of the
molecular motions of surface-tethered complexes have ShownK_n(_)e\S/fnagel condensation of isophthalaldehyde and malono-
that high surface coverages influence the mobility of alkyl chains nitrile was used to confirm the improved mass trar\spor_t
on a silica surfacd®-30.333441hecause the resulting mobility is characteristics of the bulk mesoporous mater_lal over its mi-
modified by a combination of intermolecular interactions croporous analogue. The mesoporous material possessed an
between tethered species and steric effects of the Sur_observed turnoverfrequency 30-fold hlgherthan that measured
face?’-31.334144\/e are interested in isolating immobilizado for the analogous microporous material. The lack of mass

minimize the effect of intermolecular interactions between Tansport limitations in the mesoporous materials has enabled

adjacent tethered molecules and ensure that we are investigatin tut_jles of outer-sphere aC|d|ty_ effects on cataly_S|s with com-
arisons between bulk materials and conventional surface-

the level of confinement that arises due to the rigid silica functionalized materialé®
network itself. In the surface-functionalized materials, isolation unctionafized materiars. -
In bulk amorphous silicas utilizing an occluded carbamate

of immobilized 1 is facilitated primarily through statistical imilar to 1. site isolati q trated via chemi i
isolation by grafting to a preexisting silica surface at low surface simifar to 2, site 1solation was demonstrated via chemisorption
of a pyrene fluorescence probe to tethered primary amines

coverage. Although we cannot completely rule out some degree ' . .
g g peey d resulting from carbamate deprotection. These sites showed

of imprint—=imprint intermolecular contact in the materials, we o . . . :
have no evidence to indicate the presence of impiimiprint prlma.nly MOonomer pyrene emission .S|gnature In comparison
interactions in our materials. Catalysis data on materials tql.maé?r\'/t/y e;mmefu?hcon\;]entlor:sl ?mm(()jpropyI3|I?n.cf-moﬁlfltgd
consisting of primary amines synthesized via deprotection of stiica~=\We have further shown that the degree of site 1Soiation
as ascertained by pyrene fluorescence correlates to shape-

materials used in this study demonstrate that all of our materials - . .
lack the type of intersite aggregation observed in conventional selectivity of a gequentlal base-catgl_y zepl prqbe reaction that we
. P . L have used previously for characterizing imprinted mateffeis.
amine-on-silica materials (vide infra). hi ‘ d by showing that " t isophthalal-
In the bulk amorphous material,is immobilized concur- g Ihs gvas p()jer orlme 'tYI N ow(;ng ?Wreac g)n to_ 1Sop aab_
rently with silica synthesis, allowing the possibility of three- enyde and malononitriie produces two products. a monosu
dimensional steric confinement via formation of a silicate cage stituted product and a d|subst|tut_ed product, n Wh.'Ch bOt.h
around the occluded molecule. This process may be driven by_aldehydes have_ re?‘c_‘ed' C_onduc_tmg the re_act|on using a site-
noncovalent interactions betwegrand the silica precursors in |soIaFed catalyst |nh|b|t.s the immediate formation of dlsubstltutgd
addition to the covalent nucleation site at the terminus of the relative to monosubstltutgd prqduct, whereas a CIUSt.ered amine
aminopropyl tethef? Site isolation is ensured in the microporous catal_y st pro_duceg both Q'S.’L.JbSt'tUte.d and mqn_osgbstltute(_j_prod-
material via both statistical isolation af(2 mol % relative to QCt?’ immediately?” Thus, initial reaction ;electmty IS asef‘s"""?
silica network precursors), as well as by conducting the synthesis'nd'.cator of the degree qf local aggregauoq of the ¢ atalytlt_: amine
under acid-catalyzed conditions that promote a similar hydrolysis actlve. sites, and, for this reason, catalysis qf th'.s rgacthn was
and condensation rate for the organosilane and the silica networkused In the current study as a probe to verify site isolation of
precursors to minimize self-condensation and potential aggrega-(44) Brinker, C. J.; Keefer, K. D.; Schaefer, D. W.; Ashley, CJSNon-Cryst.

; i 4,45 Solids1982 48, 47—64.
tion of condensed organosnatlé‘ (45) Brinker, C. J.; Keefer, K. D.; Schaefer, D. W.; Assink, R. A.; Kay, B. D;

Ashley, C. SJ. Non-Cryst. Solid4984 63, 45-59.

(40) (a) Bass, J. D.; Anderson, S. L.; Katz, Angew. Chem., Int. EQ003 (46) Cao, G. Z,; Tian, HJ. Sol.-Gel Sci. Technol99§ 13, 305-309.

42, 5219-5222. (b) Bass, J. D.; Solovyov, A.; Pascall, A. J.; Katz,JA. (47) Dai, S.Chem.-Eur. J2001, 7, 763-768.

Am. Chem. SoQ006 128 3737-3747. (48) Coutinho, D.; Acevedo, A. O.; Dieckmann, G. R.; Balkus, Kitroporous
(41) Zeigler, R. C.; Maciel, G. EJ. Phys. Chem1991, 95, 7345-7353. Mesoporous Mater2002 54, 249-255.
(42) Pursch, M.; Sander, L. C.; Albert, lAnal. Chem1996 68, 4107-4113. (49) Sugahara, Y.; Inoue, T.; Kuroda, K. Mater. Chem1997, 7, 53—59.
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Materials. Ph.D. Thesis, California Institute of Technology, Pasadena, CA, (51) Bass, J. D.; Katz, AChem. Mater2003 15, 2757-2763.
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powder pattern exhibiting recovery of the Pake doutitétThe
correlation timer, in Figure 1d is larger than 18 s, and is
consistent with either a slower jumping motion or a statielC
bond with librational motion, although it is not possible to tell
the difference between the two. This restriction of molecular
motion at lower temperature suggests that there is a larger
activation energy for motion involving the-€D bond in this
system than for tethered alkyl chains on silica surf&€8%33
This activation energy may be increased due to interactions
between the carbamate carbonyl and the silica surface, which
may help organize the tethered molecule close to the silica
surface in its immobilized form (vida infra), resulting in greater
rigidity as observed in other systems, where long aliphatic chains
display less motion for carbons close to the silica surface and
increasing motion for those further aw#f#83341The motion
of tethered moleculel is identical on both silica surfaces
investigated, Selecto and Aeroperl, with faster hopping motion
of the C-D bond at room temperature and reduced hopping
rate at 213 K. The rapid molecular motion indicates thas
not sterically confined in the surface-grafted materials at room
temperature.

It should be easiest to achieve steric confinement of tethered
1 in the bulk microporous silica frameworlR), because the
size of the micropores is commensurate with small molecule
the materials. This required that the tethededlustrated in dimension$? However, even for microporous material
Scheme 13 be deprotected with iodotrimethylsilane to liberate achieving confinement looks less clear-cut when compared to
primary amines for use in catalysis (see Supporting Information previous studies of nontethered molecules in microporous
for details). With confirmation of the framework porosity and systems. In systems of cyclophosphazene inclusion compounds,

surface imprinted bulk imprinted

kHz kHz

Figure 1. 2H MAS spectra of (a) surface material(Aeroperl) at room
temperature, (b) surface matedg(Selecto) at room temperature, (c) surface
material4 (Selecto) at 413 K, (d) surface materdg{Selecto) at 213 K, (e)
bulk microporous materia at room temperature, (f) bulk mesoporous
material3 at room temperature, (g) bulk microporous mate2iak 413 K,
and (h) bulk mesoporous materialat 413 K.

site isolation of each of the materials, we then investigated the
confinement ofl in the bulk amorphous materials.

NMR Spectroscopy Results.To analyze the degree of
confinement and compare between different materials, we
utilized solid-state?lH MAS NMR spectroscopy to assess the
molecular motion ofL immobilized in each of the three types
of materials: bulk microporoug), bulk mesoporous3dj, and
surface-functionalized4( and 5). The degree of molecular
mobility of immobilized1, particularly around the €0 bond
axis involving the chiral carbon, correlates inversely with degree
of confinement. Because of the relatively high dilution of
immobilized 1 in silica in each of the materials, ti#el MAS
NMR technique was chosen rather than the corresponding wide-
line static NMR spectroscopic methods to circumvent limitation
due to signal sensitivit§®>® H MAS NMR spectroscopy is
generally useful for investigating molecular motion with cor-
relation times ranging between 10s and 108 s5354

As shown in Figure 1a and 1b, there is rapid molecular motion
(time scale faster than 10 s) in the surface-functionalized
materials4 and5 at room temperature. The shape of the powder
pattern can be fit to a simple two-site hopping mode of matfon.
This mobility is consistent with the results in the previously
described examples for the rotational mobility of long chain
aliphatic compounds grafted to the surface of sifie#?29.31.34
However, unlike the previous systems, which still display
significant molecular motion even when cooled to 208°R233
the surface-functionalized materiékhows a significant “freez-
ing out” of the motion at 213 K (Figure 1d), with the quadrupole

(53) Hologne, M.; Hirschinger, Jolid State Nucl. Magn. Reso2004 26,
1-10

(54) Jelinéki, L. W. High-Resolution NMR Spectroscopy of Synthetic Polymers
in Bulk. Methods in Stereochemical Analysi#CH: Deerfield Beach, FL;
Vol. 7, pp 335-364.

rapid rotational motion of benzetfeas well agp- ando-xylene®
is observed even at low temperatures of 150 K. In a study of
benzyltrimethylammonium cation structure directing agents
(SDASs) occluded in an as-made microporous zeolite, it was
shown that, although the SDAs experienced a reduced number
of possible configurations, they still experienced significant
motion, particularly in rapid rotation of the trimethylammonium
segment’ The implication of these and similar studies is that
the mere presence of a micropore is insufficient for restricting
molecular motions of small molecules, particularly in untethered
form.

The effect of confinement on rotional mobility of tethered
by the microporous framework is shown in Figure le. The time
scale for the hopping motioty, is estimated to be greater than
1072 s using the same quadrupole interaction parameters as used
in the simulation of the surface-grafted materials (Table 1). This
value is comparable to values observed in the surface-grafted
materials at 213 K. However, it is significantly larger than the
7. value observed in the surface-grafted materials at room
temperature, indicating that immobilizéds significantly more
confined in the bulk microporous material. Achieving the
“tightness of fit” of steric confinement in the bulk mesoporous
network of 3 is synthetically more challenging relative to the
microporous 2. Because of the bulk mesoporosity of the
framework, it could be possible fdrto be grafted to the interior
mesoporous surface 8f not unlike the postsynthetically grafted
1 in materials4 and5. This is because immobilizing on a
preexisting silica surface produces anchored molecules that
sample the entire interior porosity, most of which is mesoporous

(55) Meirovitch, E.; Belsky, I.; Vega, S. Phys. Chenil984 88, 1522-1526.

(56) Meirovitch, E.; Belsky, 1.J. Phys. Chem1984 88, 4308-4315.

(57) Shantz, D. F.; Fild, C.; Koller, H.; Lobo, R. B. Phys. Chem. B999
103 10858-10865.
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Table 1. Estimated Correlation Time (zc) by Using a Two-Site 4, materials2 (Figure 2f) and3 (Figure 2e) experience some
Hopping Model broadening of individual spinning sideband line widths at higher
material scaffold correlation time (s)* temperature as compared to room temperature (Figure 2d). The
2 (bulk microporous) at >1072 origin of this line broadening is mainly caused by the slightly
room temperature 12 increased hopping rate around the sameQCbond axis, as
3 (tr’gc')kmrq:i%)eo;ﬂf; at 100 manifested in the change from> 1072 s tor. ~ 1035104
4 (surface Selecto 60) at <107 s. Rotational motion with this new correlation time subsequently
room temperature interferes with the magic angle spinning rate to cause the
ﬁzl(zuifkace Selecto 60) taztlfs%iK >1g§ 104 observed broadening. The distortion of the overall powder
3 Ebﬂlk mggﬁgigﬂzg A13 K 10104 pattern from room-temperature spectra is not well-understood,
and it may result from a number of potential causes such as an
a A single correlation time, quadrupole coupling constant GE€155 increased contribution of jumping angle distribution, libration,
kHz, and asymmetry parametgp = O were used for simulating thi or wobble motion§36061 |n addition, a sharp component is

MAS spectra. observed for all of the materials studied and is unrelatedt®C

bond dynamics. Such a phenomenon may be due to trapped
moisture and should not be interpreted as the emergence of a
sharp component due to motional averaging.

for 3.3651 We carefully designed the mesoporous materials
synthesis for3 to synthesize a microporous cage around each
immobilized1 while synthesizing mesoporosity in the remainder )
of the material framework. As shown in Figure 1f, the NMR As the NMR spectroscopy results above demonstrate, im-

spectroscopic data support the existence of silicate cages thafhoPilized1is sterlca}qll'y t(]:onflneg W'th'”dthﬁ bulk matelr(lals even
provide steric confinement for immobilizetl At room tem- attemperatures as high as 413 K, and this is in stark contrast to

perature,1 occluded within the bulk mesoporous matergl its state in the surface-grafted materials at room temperature.
displays similar limited molecular mobilityz{ > 1072 s) as This requires silica nucleation near immobilizédluring pore
observed in the microporous mater@! including the same formation in2 and3. The one known point of nucleation is at

characteristic powder pattern and quadrupole parameters. Be-thl‘,3 amlnoprlt()pyl tether, v;i'her]s covalently conder|1|sfes todthe
cause there is essentially no observed difference in molecularS!c@ hetwork precursors. However, to create a well-formed pore

mobility between the microporous and mesoporous frameworks capable of true three-dimensional steric confinement, additional

the mesoporous materials synthesis procedure discovered hallteractions between the silica surface and immobilixeday

indeed been successful in creating sterically confining mi- chmta'tfz ccin:]m;mlenydurlr(;g thedproce§s of mat.erlals_syntheﬁls
cropores within the bulk mesoporous framework while retaining via sol-gel hydrolysis and condensation. To investigate the

hierarchical porosity and associated advantages of improved'oc’temial interactions of the carbonyl group of the carbarfiate
accessibility and mass transport (vide supra) with the silica of the pore wall, we examined each of the

We have also examined the surface-functionalized and bulk MAeMals by solid-state FT-IR spectroscopy. .

. . . . . FT-IR Spectroscopy Results.FT-IR spectroscopy is a
materials at a higher temperature to investigate how effectively sensitive tool for exploring the effect of hvdrogen bondin
steric confinement ot is preserved in the presence of additional and polarization of th?e diel%ctric environmer):t sugr]roundin tr?e
thermal energy. We chose a temperature of 413 K, because itcarbgn | functionality of carbamaté. Carbonvls not on?
is a temperature at which we have carefully verified the stability show ayver stron ycharacteristic s.tretchin yban din th)e/ IR
of tetheredL in air via thermogravimetric analysis. The surface- y strong . ning

. . . L . spectrum, but this band also shifts from higher to lower wave-
functionalized materiad at 413 K exhibits significant narrowing . . . .
. . - numbers when going from noninteracting to either hydrogen-
of the entire powder pattern (Figure 1c) relative to the room-

temperature spectrum (Figure 1b). This is indicative of additional Eg?\gﬁ? OLZL?Nheeé:Ifi%t;fosﬂztﬁgfseg\géogm}é;f?gmgeg has
degrees of freedom via an increasing combination of motional been sgtudied reviously and shown to shift the ca)r/bon |
modes so that the anisotropic character of the quadrupole . P y 1 y

T . o stretching band to lower wavenumbers by—-P5 cn1
coupling is being gradually averaged out. Additionally, when . o165 - .

. relative to the neat amic®;%> and a similar lowering of the
compared to the room-temperature spectrum (Figure 2a), thecarbon | band frequency has also been observed due to dielectric
line width of the individual spinning sidebands is broadened at effectsyu on disgolutio);l of neat amide in a solvent such as
413 K (Figure 2b), which is consistent with a higher amount of P
. . - ) - DMSO 6366
librational motion that is nonspecific to the-® bond at Table 2 sh h its of FT-IR s at
elevated temperature and the time scale of which begins tot a et S (/)A\vns ftires_llj_ S0 ¢ . | m;eaSllJrzmerll sa rﬁ_c;tm
interfere with the magic angle spinning rate. Returning the emperature. ot the silica materials clearly display a shi
surface-imprinted material to room temperature (Figure 2c)
results in a return of the narrow line width, a reversibility that _ . .
confirms lack of sample degradation at elevated temperature.®° E('j‘l’;%"ear'l'gg7’S§§"d§l§’ll/§9§_°hm'dt’ P Hlavata, D.; Plestll, J.; Laupretre, F.

Microporous materia? (Figure 1g) and mesoporous material (60 fl%dzd_alrfég- A, Vold, R. L.; Hoatson, G. Macromolecule2003 36,

)
)
)
3 (Figure 1h) show only slight narrowing of the powder pattern (s1) malyarenko, D. L.; Vold, R. L.; Hoatson, G. Macromolecule2001, 34,
i isti 7911-7915.

at413 K and rEtam.the CharaCter.IStIC Pake C.iOUblet quad.rUpme ) Pimentel, G. C.; McClellan, A. LThe Hydrogen BondW. H. Freeman:
pattern, with only minor changes in the hopping rate relative to

)

)

)

)

8) Laupretre, F.; Monnerie, L.; Virlet, Macromoleculesl984 17, 1397~
05.

5
14
5

6

—
N

(a) Torii, H.; Tasumi, M.J. Raman Spectrosd.998 29, 537-546. (b)

San Francisco, CA, 1960.
i i i (63
the surface-grafted material at room temperature (Table 1). This Kubelka, J.: Keering, T. AD. Phys. Ghem. 8001 105 10922-10028,

confirms that the steric confinement of the bulk mesoporous (64) Ogoshi, T.; Chujo, YBull. Chem. Soc. Jpr2003 76, 1865-1871.

ial i ; ; (65) Saegusa, TPure Appl. Chem1995 67, 1965-1970.
material is the same as the bulk microporous material even _atf66 Eaton, G.; Symons, M. C. R.; Rastogi, PJPChem. Soc., Faraday Trans.
elevated temperatures. As observed for surface-grafted material * 1989 85, 3257-3271.
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Figure 2. 2H MAS NMR spectra displayed for the center and the first spinning sidebands of: (a) surface-grafted maeriabm temperature, (b)
surface-grafted materidl at 413 K, (c) surface-grafted materialafter a return to room temperature, (d) mesoporous matg@dlroom temperature, (e)
mesoporous materid at 413 K, and (f) microporous materidlat 413 K. The spinning rate is 6 kHz in all spectra, except (a) where it is 5 kHz.

Table 2. FT-IR Carbonyl Stretching and Isolated Silanol
Frequencies for Silica Materials

C=O stretch isolated silanol band  surface coverages

material scaffold (cm=1)p (cm™Y)¢ (mmol/g)
noninteractingl? 1726+ 2 n/a n/a
neatl 1711+ 10 n/a n/a
2 (bulk microporous) 1699 2 3739+ 2 0.28
3 (bulk mesoporous) 170% 2 3739+ 2 0.26
4 (surface Selecto 60) 17682 3739+ 2 0.21
5 (surface Aeroperl 300) 17082 3739+ 2 0.098

a0.01 M of 1 in CCls. ® From subtraction spectrum of protected and
deprotected material8From spectrum of materials deprotected with
trimethylsilyliodide.

of approximately 20 cmt in the carbonyl band as compared to
the noninteractind at 0.01 M in CCl, and a measurable shift
with respect to the carbonyl band for neat carbarhakéowever,
there is no discernible difference in the position of the carbonyl
band for immobilized1l between surface-grafted and bulk
materials. Because trimethylsilyl capping in materist still

leaves behind residual uncapped silanols that remain in the

framework of each of the materials, particularly for silanols that
may be sterically hindered,the observed shifts may be due to

either specific hydrogen bonds between the carbonyl and silanols
or the presence of a more polarized dielectric environment due
to the nearby presence of the silica surface. Evidence for silanols

remaining despite trimethylsilyl capping is provided by a

relatively sharp isolated silanol infrared band centered near 3740,

cmtin all materials investigated.

The similar shift of the carbonyl stretching band in the FT-
IR spectrum of each of the materials indicates that the carbonyl
groups in both surface- and bulk-immobiliz&dire not within

a gas-phase environment and are affected by electrostatic

interactions with the silica surface. Because of the flexibility
of the aminopropyl tether in immobilizet, we postulate that

it may be possible for the carbonyl to hydrogen bond with
residual silanols, even in the surface-grafted materials, given
the conformational flexibility inl and as previously described
for molecules anchored with propyl tethers on sifi€€One
possibility is a doubl® hydrogen-bonding arrangement, which
is illustrated in Schemes-13, whereas another possibility

(67) Little, C. J.; Whatley, J. A.; Dale, A. OJ. Chromatogr1979 171, 435~
438

(68) Carévajal, G. S.; Leyden, D. E.; Quinting, G. R.; Maciel, GARal. Chem.
1988 60, 1776-1786.
(69) Pihko, P. MAAngew. Chem., Int. EQ2004 43, 2062-2064.

involves no hydrogen-bonding interaction and involves instead
solvation by the silica surface, which causes polarization of the
dielectric environment surrounding the carbof#® The fact
that all three classes of materials show the same shift of the
carbonyl band indicates an energetic driving force foto
nucleate close to the silica surface in the region of the carbonyl.
During bulk silica hydrolysis and condensation, this driving
force may assist in pore-wall formation, which creates a cage
of silica closely around immobilized, thereby sterically
confining the molecule to the extent that rotation is significantly
limited in both the bulk microporous and the bulk mesoporous
materials. These observations of carbonyl interaction with the
silica surface even after extensive capping are supported by the
catalytic data of Corma and co-workers, who observed signifi-
cant support effects on active site reactivity even in capped silica
materials’®

Conclusions

We have investigated and compared the steric confinement
of isolated tethered molecules within three types of material
networks: two-dimensional silica surface, bulk amorphous
microporous silica, and bulk amorphous mesoporous silica. The
2H MAS NMR study unequivocally demonstrates that the bulk
materials achieved thorough steric confinement of the im-
mobilized1, severely limiting molecular mobility at both room
temperature and elevated temperature. This result is remarkable
in light of the previously explored systems, which generally
displayed significant restrictions of molecular motion only at
very low temperaturé&2°or in the presence of multiple strong
hydrogen bond3*25

These conclusions are supported by FT-IR spectroscopic
evidence that demonstrates that the silica surface can interact
with the carbonyl functionality of, causing an observable shift
of the carbonyl band in the IR spectrum. The fact that the silica
surface after TMS-capping can influence the shift of the carbonyl
peak in the IR suggests that similar interactions between the
carbonyl of the occluded molecule and silica precursors may
play an important role in nucleating the formation of a pore
wall close tol during materials synthesis.

These results comprise the first explicit proof of tethered
molecule confinement within bulk amorphous silica. There is

(70) Baleizao, C.; Gigante, B.; Garcia, H.; CormaJACatal.2003 216, 199—
207.
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