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High-resolution solid state 13C and lSN C P M A S  N M R  experiments ( C P  magic 
angle spinning) have been performed on mixtures of pyrazole (1) and of 3,5-dimethylpyrazole (2) with alumina 
and silica, prepared both by mixing and mechanical grinding of the components and by solvent-assisted adsorption. 
A comparison of the spectra obtained with those of the bulk solids shows a strong dependence of the NH-N 
proton tautomerism on the environment. Whereas prototropy is suppressed in crystalline 1 and moderately fast 
in crystalline 2, a fast degenerate proton tautomerism is observed for adsorbed 1 and 2, similar to  the liquid 
solution. Because of the different proton dynamics the line contributionns of adsorbed and bulk pyrazoles are  
easily distinguished. By analysis of the environment-dependent * H-l SN cross-polarization, efficiency quantitative 
information about the distribution of 2 between the bulk crystalline phase and the silica surface was obtained 
as a function of both types of sample preparation. The  results a re  compatible with a monomolecular coverage 
of the silica surface by 2. Whereas the state of the adsorbate is not dependent of the type of sample preparation, 
the surface area accessible for 2 is smaller in the case of the mechanically grinded components as compared 
to  the case of solvent-assisted loading. This result can be modeled in terms of the fractal dimension of the silica 
surface and slow diffusion of the adsorbate in the latter during the time of grinding. The  nature of the proton 
transfer of 2 adsorbed on silica was studied by low-temperature lSN C P M A S  N M R  spectroscopy. The slow 
proton exchange regime is reached below 250 K. The  spectral changes and their comparison with the spectra 
of the corresponding hydrochloride reveal that  (i) 1 and 2 are  adsorbed as the neutral species (ii) that there 
a re  different adsorption sites where 1 and 2 experience not only different chemical shifts but also different rate 
constants of proton exchange. At room temperature, site exchange, rotational diffusion, and proton exchange 
are  faster than the Larmor frequency difference between the protonated and nonprotonated lSN atoms. Since 
the proton exchange in the cyclic pyrazole homoassociates is much slower than in the adsorbed state, it follows 
that it is catalyzed by OH groups on the alumina and silica surface. 

cross polarization, M A S  

Introduction 

One of the main interests of high-resolution solid-state N M R  
spectroscopy is the possibility of obtaining information on matrix 
effects on molecules and their reactivity on a time scale of slow 
molecular motion. Solid matrices may modulate not only 
molecular geometries and structuresz4 but also the dynamics of 
chemical transformations. Since the latter generally require a 
certain molecular configuration or mobility, they are often 
suppressed in the solid state. Processes which have, nevertheless, 
been observed in crystalline solids by N M R  are conformational 
dynamics,5-7 fluxional behaviors-13 and p r o t 0 t r o p y . 1 ~ ~  In some 
cases it has been possible to manipulate the dynamics of the 
prototropy by varying the solid environment from which interesting 
insights into the proton transfer mechanism could be obtained. 
For example, the intramolecular prototropy of certain dyes could 
be influenced by changing the crystal structurez2 or by preparing 
solid solutions in p0lystyrene.3~ 

Among the solid matrices, which are important in chemistry, 
range porous solids such as silica and alumina, used for column 
or thin-layer chromatography, or zeolites, used as catalysts. The 
interaction of adsorbed molecules with the inner surface of these 
materials has been studied via IR spectroscopy46 and different 
solid-state I3C and '5N N M R  methods,47-53 under the conditions 
of proton cross polarization (CP) and magic angle spinning 
(MAS). Thus, it has been shown that porous acidic solids offer 
different binding sites for ammonia, trimethylammonia, and 
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pyridine. When pyridine and trimethylammonia are adsorbed in 
zeolites, pyridine becomes protonated by Br~ns ted  sites, whereas 
ammonia is only protonated if more than one molecule is adsorbed 
per acid ~ite.~'-55 By contrast, pyridine is not protonated by 
anhydrous y-alumina where it can form various Lewis sites.50 
Under certain conditions exchange between different sites was 
observed.52 So far, these studies focused on volatile adsorbates 
which could be adsorbed via the gas phase. Recently, Ebener et 
al.56 showed by I3C CPMAS NMR, that larger nonvolatile 
benzenoid aromatics (MW > 120) can also be incorporated into 
silica or alumina surfaces by mixing and mechanically grinding 
the components or by solvent-assisted mixing. Even the larger 
adsorbed molecules were found to be subject to rotational diffusion 
processes which almost completely average out the I3C-IH dipolar 
interactions and the I3C chemical anisotropy. As a consequence, 
the I3C N M R  line widths were found to be smaller than in the 
case of the bulk solids and almost as good as in liquid solution. 

These results incited us to mix heterocyclic compounds which 
are subject to a well-defined proton tautomerism in the bulk 
crystalline state with silica and alumina and to study the effect 
of mixing on the proton-exchange dynamics by high-resolution 
solid-state CPMAS N M R  spectroscopy. Such systems are 
expected to serve as models for fast bond-breaking and bond- 
formation processes in the adsorbed state. The compounds we 
actually chose to study stem from the class of pyrazoles which 
are bifunctional proton donor/acceptors characterized by an 
annular proton t a ~ t o m e r i s m ~ ~  in the bulk solid state. Depending 
on the substituents these molecules form either infinite hydrogen- 
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the manufacturer, paramagnetic impurities are  absent in these 
materials. When purchased, they contain approximately 5% 
water. Apart from silica and alumina, C a s 0 4  powder and KBr 
pellets were also checked as matrices. Calcium sulfate was 
purchased from Aldrich, product no. 23,713-2. 

Sample Preparation. In the first stage, water was partly 
removed from the adsorbents by drying over P205 for 1 week a t  
70 "C and 10-6 bar. Contact with air was avoided as far as 
possible when preparing the samples. The latter were prepared 
in a manner similar to the recipe of Ebener et alaS6 in two different 
ways: (i) by mixing and mechanically grinding the components; 
(ii) by solvent-assisted adsorption. In the first procedure, the 
dried adsorbents (silica 60 or alumina 90) and the adsorbates 1 
or 2 were mixed in a mortar under an argon atmosphere and 
grinded with a pestle for 10 min until a homogeneous mixture 
was obtained. In the second procedure, the adsorbent and 
adsorbates were mixed and digested for 1 or 2 min with 5 mL 
of absolute CH2Cl2 using Schlenk techniques under an argon 
atmosphere. The solvent was then carefully removed in  uucuo, 
and finally the resulting powders were loaded under argon into 
the N M R  rotors. Dry nitrogen evaporated from liquid nitrogen 
was used as driving and bearing gas. Although contact with air 
was avoided as much as possible, we estimate the water content 
in the final samples to be about 1-295. In the case of the samples 
prepared by solvent-assisted loading, no evidence for residual 
surface solvent could be obtained by solid-state 13C MAS NMR.  
N o  loss of the adsorbate into the surrounding atmosphere during 
the grinding process could be detected within the margin of error, 
which is understandable because of the low volatility of 1 and 2 
at  room temperature. Finally, we note that the weight/weight 
mixing ratios were 
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Figure 1. (a) Hydrogen-bonded structure of solid pyrazole 1 (schemati- 
cally),S7 where proton exchange is s~ppressed.3~ (b) Cyclic trimers in 
crystallincdimethylpyra~ole~~ in which a degenerate triple proton transfer 
takes place.w2 (c) Structure of protonated dimethylpyrazole 3. (d and 
e) cyclic proton exchange of pyrazole with silica and alumina surface OH 
groups or water. ( f )  proton exchange of pyrazole linking two Bronsted 
sites. 

bonded chains (Figure l a )  in which the tautomerism is 
suppressed33-js~S7 or cyclic dimers, trimers (Figure 1 b), or 
tetramers which are subject to degenerate double, triple, or 
quadruple proton-transfer processes.w2 The latter have been 
studied either by l3C or, after isotopic labeling, by ISN CPMAS 
N M R  spectroscopy.3H2 To explore surface effects on the annular 
tautomerism of typical pyrazoles, we chose a representative of 
both pyrazole types, Le., the parent compound pyrazole 1 and 
3,5-dimethylpyrazole (2). The first forms nonexchanging hy- 
drogen-bonded c h a i n ~ 3 ~ t ~ ~  and the second, exchanging cyclic 
trimers4w2 in the bulk crystals. 

In the following, the I3C and I5N CPMAS N M R  experiments 
performed are described and discussed. It is shown that pyrazole 
and 3,5-dimethylpyrazole are incorporated into the silica and 
alumina surfaces as the neutral molecules. A comparison of the 
spectra obtained with those of the bulksolids reveals substantially 
different proton-exchange characteristics ascribed to the interac- 
tion with acidic surface OH groups. These processes may involve 
either protonated intermediates according to Figure IC or coupled 
proton-transfer pathways as illustrated in Figure Id-f. 

Experimental Section 
Compounds. Nonlabeled pyrazole (mp 68-70 "C) and 3,5- 

dimethylpyrazole (mp 107-109 "C) for the 13C CP N M R  
experiments were purchased from Aldrich. Their purity was 
checked by solution IH N M R  spectroscopy at  200 MHz. [lSN2]- 
pyrazole and 3,5-dimethyl[ l5N2]pyrazole were prepared according 
to refs 57 and 41. The porous adsorbents were purchased from 
Merck Chemical Co. and were characterized as follows: (i) 
Neutral alumina Merck 90 for chromatography (y-alumina), 
product no. 1077: Gaussian pore size distribution, average pore 
diameter 90 A, half-width of the distribution approximately 30 
A, corn size 63-200 pm (70-230 mesh ASTM), inner pore surface 
120 m2/g, pore volume 0.35 mL/g; (ii) Silica Merck 60 for 
chromatography, product no. 9385: Gaussian pore size distribu- 
tion, average pore diameter 60 A, half-width of the distribution 
approximately 20 A, comsize40-63 pm (230-400 mesh ASTM), 
inner pore surface 500 f 30 m2/g, pore volume 0.7 mL/g. The 
outer surface of the adsorbents is negligibly small. According to 

where ma and mb are the masses of adsorbed and bulk 1 and 2 
in the sample, and ma& is the mass of the adsorbent. R was 
varied between 1 and 0.125. 

NMR Spectroscopy. The solid-state 13C CPMAS N M R  
spectra were recorded on a Bruker AC 200 spectrometer working 
at  50.32 MHz, using a 7-mm Bruker DAB 7 probehead which 
achieves rotation frequencies of about 3 .54.5 kHz. The standard 
CPMAS pulse sequence was applied with a 7 ps IH 90" pulse 
width, 3-5 ms contact pulses, and 5 s repetition time, the spectral 
width being 20 kHz. All chemical shifts are given with respect 
to the spectrometer reference frequency which was calibrated by 
the glycine signal a t  176.1 ppm. The 15N CPMAS N M R  spectra 
were recorded on a Bruker MSL 300 spectrometer working at  
300.13 MHz for protons and 30.41 MHz for IsN. The 
spectrometer was equipped with a 5-mm high-speed CPMAS 
probehead from Doty Scientific, USA. The spinning speeds were 
of the order of 8-8.5 kHz. Because of sample heating associated 
with these high speeds,j2 the sample temperatures were, when 
necessary, determined by addition of a small capsule into the 
rotor containing between 0.5 and 2 mg of the l5N chemical shift 
thermometer TTAA. A Brukar B VT 1000 temperature unit 
was used to control the temperature of the bearing nitrogen gas 
stream and a homemade heat exchanger to achieve low tem- 
peratures. The standard CPMAS pulse sequence was again 
applied here: 5 p s  IH 90" pulse width, 4-12 ms CP time and 4 
s recycle delay, spectral width of 15 000 Hz. All lSN chemical 
shifts are related toexternalsolid 15NH4Cl, ppmvalues for narrow 
lines are given with an error of f 0 . 3  ppm, broadened lines with 
f0.5 ppm. 

Results 
and '5N CPMAS NMR Spectros- 

copy. During the first stage of this study, I3C CPMAS N M R  
spectra were recorded for samples of 1 and 2 adsorbed on the 
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TABLE 1: Chemical Shifts in ppm of Pyrazolesa 

The Journal of Physical Chemistry, Vol. 98, No. 35, 1994 Aguilar-Parrilla et al. 

T / K d  c - 3  c - 5  c - 4  CH3-3 CH3-5 N- 1 N-2 

1 CH2C12 

1 CDC13 
1 DMSO 

1 crystal 
1 Si, S4, S8 
1 A l ,  M1, SI, 

1 A l ,  S4, S8 
1 Cas04 
1 A l ,  M4 

1 A l ,  S4 
1 Si, M4 

2 crystal 
2 crystal 
2 Si, M4 
2 A l ,  M4 
2 A l ,  M8 

3 

2 CHzCl2 

298 
R T  
R T  
RT 
R T  
R T  

R T  
R T  
R T  

RT 
R T  
298 
368 
260 
305 
305 
305 

305 

134.659 

13934 
1 34b 
1 34b 
1 49c 
135b 
139c 

145.359 
143@ 
14640 

134.659 

1 2V4 
1 34b 
1 34b 
128' 
135b 
1 2gC 

145.359 
14340 
14140 

105 .V9 

10734 
105 
105 
107 
106 
107 

104.859 
10540 
10540 

1 7760*61 
2 1 660 
170 

1 7OC 
208b 
207b 
204b 

12.959 12.959 
1240 1240 20441.42 
1240 1240 1674L42 

198* 
16V 
1 6gC 
2006 
154 

27060-61 
2 1 660 
248 

248c 
208b 
207b 
204b 

2044142 
24141.42 
198b 
243c 
24lC 
200b 
154 

a Reference: tetramethylsilane for 13C, ISNH4C1/H20 or solid I5NH4C1 for lSN. In order to obtain I5N chemical shifts with CH3NO2 as reference 
a value of 353 ppm has to be substracted. DMSO, CDC13: liquid-state N M R  spectra using dimethyl Sulfoxide-& or deuteriochloroform as solvents. 
Crystal: CPMAS N M R  measurements performed on crystalline material. Si, AI, CaS04: CPMAS N M R  experiments using silica, alumina of calcium 
sulfate as adsorbent. MX: samples prepared by mechanical grinding of 1 part adsorbate and X parts w:w of adsorbent, Le., a mixing ratio of R = 
1/X. SX: solvent (CH2C12) assisted adsorption with R = 1/X. b Line of adsorbate averaged by rapid proton transfer on the surface. c Microcrystals 
in the adsorbate/adsorbent mixture. RT = room temperature. 

solids mentioned in the previous section, prepared by mixing and 
mechanical grinding or by solvent-assisted loading. Whereas in 
the case of Cas04  and KBr matrices only the spectra typical for 
polycrystalline bulk 1 and 2 could be detected, interesting effects 
were found when alumina and silica were used as adsorbents. 
When the mixing ratio R of adsorbate and adsorbent was not too 
large, only one single I3C signal was observed for the C-3 and C-5 
positions, indicating a fast degenerate intermolecular proton 
tautomerism. The average chemical shifts were similar to the 
values obtained for solutions in CDC13 where proton exchange 
is also fast, as can be inferred from Table 1 in which all 13C and 
'5N N M R  chemical shifts of 1 and 2 relevant in this context are 
assembled. Surcharging the surfaces a t  mixing ratios of R > 
0.25 led to the appearance of a superposition of subspectra typical 
for the adsorbed state and the bulk polycrystalline state. If n, 
and nb are the number of moles of the adsorbate on the surface 
and in the remaining bulk phase, the corresponding mole fractions 
xa and xb are given by 

x ,  = (1 - XJ = n , / ( n ,  + fib) 
Because of the relatively small 13C chemical shift changes 

associated with the tautomerism, it was somewhat difficult to 
extract values of x, by l3C NMR.  We therefore decided to study 
these phenomena in more detail by lSN CPMAS N M R  
spectroscopy, where the pyrazole nitrogen atoms experience major 
chemical shift changes upon protonation/deprotonation. In 
Figure 2 the '5N CPMAS N M R  spectra of 1,2, and 2aHC11 3 
are depicted. The signals labeled with asterisks stem from the 
I5N chemical shift thermometer TTAA.32 

Let us first discuss the spectra of the bulk polycrystalline 
compounds. Since the tautomerism is suppressed in solid 1 due 
to the formation of infinite hydrogen-bonded chains34357 two sharp 
signals a t  170 and 248 ppm were observed for the protonated 
nitrogen atom N-1 and the nonprotonated nitrogen N-2 (Figure 
2a). These chemical shifts are similar to those obtained for 
solutions of 1 in DMSO where the proton transfer is slow, as 
indicated in Table 1. Differences arise from the formation of 
various types of hydrogen bonds in both kinds of environment 
and, to some extent, also from susceptibility effects associated 
with the particle size. The latter influence is, however, not of 

' N-N 
2 l'H 

CH3*CH3 

N-N 

d ri 

I I I I 1 
300 6/ppm 100 300 6/p3m loo 

Figure2. The30.41-MHz15NCPMASNMRspectraat 305 Kofdoubly 
ISN-labeled pyrazole 1, 3,5-dimethylpyrazole (2), and 3,5-dimethylpyra- 
zole hydrochloride (3) under various conditions. All spectra were recorded 
at the same spinning speed of 8.2 kHz at  305 K, except the spectra in 
d. Asterisks: chemicalshift thermometer TTAA. (a,d, h) Polycrystalline 
powders of 1,2 ,  and 3. (b, e) Samples obtained by mechanical grinding 
of 1, 2 with silica, mixing ratios R = 0.25. (c, f) Samples obtained by 
mechanical grinding of 1 , 2  with alumina,R = 0.25. (9) Sample obtained 
by mechanical grinding of 2 with alumina, R = 0.125; 8 ms C P  times, 
5 MS 90 IH pulses. 

great consequence because of the small gyromagnetic ratio of 
IsN; moreover, extensive mechanical grinding of bulk crystalline 
1 did not lead to noticeable spectral changes. The corresponding 
signals of polycrystalline 2 appear at 167 and 241 ppm but are 
sharp only at  low temperatures as shown in Figure 2d. At room 
temperature, the signals are substantially broadened due to a 
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Figure 3. Room-temperature (305 K) superposed experimental and 
calculated 30.41-MHz ISN CPMAS NMR spectra series of (a) a physical 
mixture (sample a) of 10 mg of bulk 2 and of 10 mg of 2 adsorbed on 
40 mg of silica and (b) 30 mg of bulk 2 adsorbed on 30 mg of Si02 
(sample b), as a function of the cross-polarization times tCp. Repeating 
time 4 s. Parameters of the line-shape analyses were the intensities 
r', and $ of the adsorbed and bulk 2 of sample i = a, b, and the rate 
constants of the proton exchange, 1500 s-l in bulk 2 and >50000 s-l for 
adsorbed 2. The vertical scaling factor was the same in each set of 
experiments, but different for the two samples, Le., Fa = 1 and F # 1. 
For further explanation see text. 

TABLE 2: Signal Intensities $ of Adsorbed (i = a) and Bulk 
(i = b) 2 Obtained for Samples j = a and b by the Line-Shape 
Analysis of Figure 3 

tcplms 
0.5 
1 
2 
4 
6 
8 

10 
12 
15 
18 
20 

4 
0.52 
0.8 
1.13 
0.9 
0.61 
0.38 
0.26 
0.29 
0.15 
0.08 
0.07 

a, 
0.44 
0.41 
0.86 
0.9 
0.92 
0.98 
1.11 
0.95 
0.97 
0.95 
0.96 

t 
0.13 
0.21 
0.29 
0.18 
0.12 
0.06 
0.025 
0.018 
0.015 
0.01 
0 

8 
0.4 
0.51 
0.68 
0.97 
1.08 
1.05 
1.005 
1.012 
0.985 
1 
1.02 

degenerate triple proton transfer in the cyclic trimer, as indicated 
in Figure lb.4W2 When the temperature is increased, the lines 
coalesce into a single line. The rate constants of the triple proton 
and deuteron transfer were determined by line-shape analysi~.~MZ 
When 2 is protonated with HCl to give polycrystalline 3, two 
barely resolved lines were observed at  154 ppm, indicating a slight 
reduction of the molecular symmetry by the crystal field (Figure 
2h). The observed high-field shift upon protonation is in 
agreement with the literature.60-62 N o  sign of proton-transfer 
dynamics was observed in solid 3. 

The I5N spectra of 1 and 2 obtained after mixing with silica 
show remarkable changes. As expected from the I3C CPMAS 
measurements, only one single averaged 15N line for N-l /N-2 
at  about 200 ppm is observed when neutral 1 and 2 are adsorbed 
by silica a t  mixing ratios of R = 0.25, indicating a rapid degenerate 
proton exchange between N-1 and N-2 (Figure 2b,e). The 
longitudinal relaxation time ISN T I  of the coalesced center line 
of 2 on silica is only 0.5 s and much smaller than the corresponding 
value >50 s for bulksolid 2. An additional C P  off-angle-spinning 
(OAS) experiment performed on this sample also yielded a sharp 
center line indicating a rapid isotropic motion which averages the 
large chemical shift anisotropy of about 370 ppm63 of this 
compound. A comparison of the line positions with those of 2 
at  high temperature and of 3 indicates that 1 and 2 are adsorbed 
as the neutral species subject to a fast surface tautomerism and 
not as the cations. Within the margin of error, no spectral 
differences could be observed for samples prepared by solvent 
assisted adsorption or mechanical grinding (see Table 1). 

t d m s  

Figure 4. Plot of the intensities r', and &of adsorbed and bulk 2 obtained 
by line-shape analysis for samples i = a and b as a function of the cross- 
polarization time tcp. The solid lines represent the calculated values 
obtained by nonlinear least-squares fit in terms of eq 4. 

When alumina was used as adsorbent a t  mixing ratios of R = 
0.25 superpositions of two subspectra were observed for 1 and 2, 
typical for two solid environments (Figure 2c,f'): (i) the adsorbed 
state again characterized by a single averaged line around 200 
ppm arising from fast proton exchange and (ii) the bulk crystalline 
material. The position of the single averaged line was slightly 
different compared to that of the compound adsorbed on silica 
(see Table 1). The fraction x, of adsorbed 2 could be increased 
by adding more adsorbent a t  the expense of the fraction Xb = 1 
- xa residing in the bulk state (Figure 2g). 

Characterization of the Distribution between the Bulk Phase 
and the Adsorbed State by Quantitative '5N CPMAS N M R  
Spectroscopy. The evaluation of the quantity x by 15N CPMAS 
N M R  spectroscopy is not straightforward because of the well- 
known problem of environment dependent IH-l5N cross- 
polarization dynamics leading to signal intensity distortions, Le., 
the intensity Zi of signal i is related to the number of moles ni by 

Zi = Cini (3) 

where Ci is a constant differing for each signal in the spectrum. 
In the case where the two different environments give rise to well 
resolved lines as in the cases studied here the problem can be 
solved as described in the following for mixtures of 2 with silica. 

Firstly, we prepared a ground mixture of 10 mg of 2 with 40 
mg of silica ( R  = 0.25) and checked that 2 was completely 
adsorbed. This mixture and 10 mg of bulk 2 were then placed 
separately in the N M R  rotor. The superposed experimental and 
calculated room-temperature 15N CPMAS N M R  spectra of this 
sample labeled "a" are shown in Figure 3a as a function of the 
cross-polarization time tcp. All other spectral parameters were 
kept constant. The repetition time was 4 s in all experiments. 
Parameters of each simulation were the absolute line intensity c of the center line which stems from adsorbed 2 in the mixture, 
and the total line intensity $ of bulk 2 giving rise to the 
broadened outer lines of bulk 2. The signal shape of the latter 
was calculated as described previously4C-Q in terms of a symmetric 
two-state exchange problem with a rate constant of 1500 s-l. The 
results are assembled in Table 2. The expected intensity ratio 
of E/$ 

In the next experiment we measured the I5N CPMAS N M R  
spectra of sample b, prepared by solvent-assisted loading of 2 
with silica in the ratio R = 1 as a function of tCP at  room 
temperature. The results are shown in Figure 3b. The spectra 
are comparable to thoseof Figure 3a, but here bulk 2 is intimately 
mixed with silica. Our goal was now to measure the amount of 
2 adsorbed by line-shape analysis. Assuming that the cross- 
polarization characteristics of adsorbed and bulk 2 are the same 
in sample a and in sample b, the spectrum at  tCp = 4 ms should 
give the correct signal ratio E/c. To see whether this assump- 
tion was correct in Figure 4, all intensities obtained were plotted 
as a function of t ~ p .  Figure 4a contains the data which stem from 
sample a where the same quantity of 2 is located in the bulk phase 

1 was obtained at  tCp = 4 ms. 
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TABLE 3 Parameters Obtained by Nonlinear Least-Squares 
Fit of the Data in Figure 4 in Terms of Eq 4 

adsorbed 2 bulk 2 adsorbed 2 bulk 2 
( j = a )  (j = b) ( j = a )  (j = b) 

sample i = a sample i = a sample i = b sample i = b 

I o W )  2.4 0.97 0.7 1 .o 
T&,i) 4.7 ms 11 s 3.4 ms 12 s 
Tcp(j,i) 1.6 ms 1.1 ms 1.7 ms 1.4 ms 

and the silica surface. Whereas a, increases monotonously with 
increasing tCP until a plateau is reached, 4 first increases to a 
larger value than the plateau value of bulk 2 and then decreases 
exponentially. This effect is caused by short T I  and T I ,  values 
of the protons of 2 in the adsorbed state arising from a high 
molecular mobility, in contrast to bulk 2. Because of the shorter 
T I  values of adsorbed 2, saturation is less pronounced and the 
maximum intensity greater than for bulk 2 where the T I  values 
are longer. On the other hand, because of the shorter ‘H T I ,  
values of adsorbed 2, the cross-polarization efficiency rapidly 
decays at  longer cross-polarization times. The different cross- 
polarization characteristics lead in this case to a crossing of the 
two curves at tCP = 4 ms where the correct intensity ratio c/G = 1 is obtained. Thedata were analyzed by nonlinear least- 
squares fit in terms of the usuaF4 cross-polarization equation: 

where Tcp is the cross polarization time constant. The obtained 
parameters describing the solid curve in Figure 4a are assembled 
in Table 3. An analysis was made in the case of sample b as 
indicated in Figure 4b. A look at Table 3 indicates that the 
values of T I ,  and Tcp in a given environment are similar in both 
samples a and b, although 2 was loaded into the surface in the 
case of sample a by grinding and in sample b with the aid of the 
solvent. Thus, the assumption of reproducible cross-polarization 
dynamics in the adsorbed state is fulfilled within the margin of 
error and independent of the way of loading. To obtain the mole 
fraction of adsorbed 2 in sample b, we proceeded as follows: 
From eq 3 it follows, assuming sample-independent cross- 
polarization factors Ci, that 

= FC,n:, t = Can: 

6 = FC&, 8 = cbn,” ( 5 )  

where 4 is the number of moles in phase i and sample j and F 
a signal independent factor relating the intensities in experiments 
a and b. From eq 5 it follows that 

Since n: = ni in sample a, it follows from eqs 6 and 7 that the 
mole fraction of adsorbed 2 in sample b is given by 

xa = ( l  - x b )  = $/(.: + n:) = l / ( l  +fa/fb) (8) 

As illustrated in Figure 5,  eqs 6 and 7 are well fulfilled within 
the margin of error and with the values offa = 4.0 andfb = 0.96 
obtained by least-squares fit, we calculate a mole fraction of x,  
= 0.19. From the intensity values and $ at tCP = 4 ms listed 
in Table 2, we obtain xa = 0.16. Since the value of 0.19 is based 
not only on a single measurement, we feel it is more reliable. 
However, the difference between both numbers indicates a realistic 
margin of error. Nevertheless, the remaining experiments of 

- - I  I / 4ms c 

1; vs. I b  

0.2 

O%o 0.2 0.4 0.6 0.8 1.0 1.2 
Intensity 

Figure 5. Data analysis of samples a and b in terms of eqs 6 and 7. For 
further explanation see text. 
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Figure 6. Room temperature (305 K) superposed experimental and 
calculated 30.41-MHz I5N CPMAS N M R  spectra of 2 under various 
conditions. tcp = 4 ms, repeating time 4 s. xa is the fraction of 2 in the 
adsorbedstateasdetermined by lineshapeanalysis. (a) Samplec, prepared 
by mechanical grinding of 2 (30 mg) and of silica (30 mg), Le., R = 1. 
(b) Sample d, where part of sample c was digested with CH2C12. (c) 
Sample e, obtained by grinding of 30 mg of Si02 and 20 mg of sample 
c (R = 0.25). Thevertical scaling factor was different for each spectrum. 

TABLE 4: Summary of the Samples Prepared for the 
Experiments Shown in Figures 3 and 6 

sample mixing ratio R with silica way of mixing figure 
a 0.25 +bulk grinding 3a 

separate in 
equal amounts 

b 1 solvent assisted 3b 

d (from sample c) 1 solvent assisted 6b 
e (from sample d)  0.25 grinding 6c 

C 1 grinding 6a 

this study were performed at tcp = 4 ms andx, directly calculated 
by line-shape analysis of the resulting spectrum. 

Our next goal was to establish whether the mode of loading, 
Le., mechanical grinding and solvent-assisted loading leads to 
different fractions of 2 adsorbed on silica. To answer this question, 
we carried out the following series of experiments. We again 
prepared a mixture of 2 with silica with R = 1 by mechanical 
grinding (sample c) and found x, = 0.06 through line-shape 
analysis of the spectrum depicted in Figure 6a. A summary of 
the samples prepared for the experiments shown in Figures 3 and 
6 is given in Table 4. One part of sample c was then digested 
with CH2C12. After evaporation of the solvent in uawo at 10-6 
bar, sampled, whose spectrum is shown in Figure 6b was obtained. 
Via line-shape analysis, we found that the fraction of molecules 
adsorbed had increased to x8 = 0.22 which reproduces well the 
value of sample b. To check whether a kinetic bottleneck is 
responsible for the small value of x, in sample c, 30 mg of silica 
was added to 20 mg of sample c and ground again resulting in 
sample e where R = 0.25. Its spectrum is shown in Figure 6c. 
2 was then entirely adsorbed on the silica surface, Le., x, = 1. 
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Figure 7. The 30.41-MHz I5N CPMAS NMR spectra of a sample of 
2 adsorbed on silica, mixing ratio R = 0.25, prepared by mechanical 
grinding as a function of temperature. For the sake of clarity the TTAA 
chemical shift thermometer was omitted. The sample temperatures are 
therefore only estimates. 

Variable-Temperature ‘SN CPMAS NMR and Tautomerism of 
2 Adsorbed on Silica. To obtain further details concerning the 
surface proton exchange of pyrazoles adsorbed by porous solids, 
variable-temperature 15N CPMAS experiments were performed 
on 2, entirely adsorbed on silica, in a mixture ratio of R = 0.25. 
The results are shown in Figure 7. There are remarkable 
differences to the variable temperature 15N CPMAS N M R  spectra 
of bulk 2 depicted in Figure 2d, where the slow-proton-exchange 
regime was reached at  260 K characterized by two sharp lines 
at 167 and 241 ppm for the protonated nitrogen atoms N-1 and 
the nonprotonated nitrogen atoms N-2, as discussed above. In 
the case of 2 adsorbed on silica, the proton exchange is much 
faster as compared to bulk 2, and it was necessary to lower the 
temperature even more in order to reach the slow-proton-exchange 
regime. Thus, as indicated in Figure 7, two separate lines for 
N-1 and N-2 appear only at  210 K at  positions expected for the 
neutral molecules, characterized by the splitting Au = u(N-2) - 
u(N-1) in hertz. In this temperature range the proton-exchange 
rates are k << Au. There is almost no line intensity around 154 
ppm where the cation 3 should absorb (see Figure 2h). Each line 
in the bottom spectrum of Figure 7 is much broader compared 
to the corresponding spectrum of Figure 2d and exhibits a barely 
resolved substructure. This finding indicates the presence of 
different environments, i.e., binding sites for 2 on the silica surface. 
As temperature is increased, the two lines do not simply broaden 
and coalesce as those of Figure 2d, but complicated spectral 
changes are observed which can be qualitatively understood as 
follows. The spectra in the temperature range between 260 and 
280 K can be described in terms of a broad distribution of rate 
constants. This leads apparently to a superposition of two types 
of environments, one contributing the outer lines, characterized 
by small proton exchange rates, Le., k << Au and the other 
contributing the center line where the proton exchange rates are 
fast, i.e., k >> Au. At 210 K only the environment with k << Au 
was observed. As temperature is increased, the environment with 
k >> Au is populated. At 260 K both environments have 
comparable populations; a t  higher temperatures only the molecules 
with k >> Au survive. This behavior can be explained again in 
terms of a distribution of different binding sites on the silica 
surface characterized not only by different chemical shifts but 
also by different rate constants k of proton exchange and, probably, 
also by different molecular mobilities. The center line which 
survives alone at  room temperature is remarkably sharp, a 
phenomenon which is probably associated with fast exchange 
between the different binding sites, and, therefore, also with rapid 

rotational and translational jumps or diffusion of 2 on the surface, 
which average the anisotropy of the l5N chemical shifts and the 
lH-15N dipolar couplings. This is consistent with the above- 
mentioned results of the C P  off-angle spinning and the T I  
measurements. 

Discussion 

In the previous section it was shown by I3C and 15N CPMAS 
N M R  spectroscopy that the inner surfaces of alumina and silica 
can incorporate pyrazole 1 and dimethylpyrazole 2 (Figure 1) 
as the neutral species, both via mechanical grinding of the 
components and by solvent-assisted loading. In this state, 1 and 
2 are, a t  room temperature, subject to a fast degenerate 
intermolecular proton tautomerism in contrast to the bulk 
crystalline environment where 1 does not exchange protons because 
of the formation of linear hydrogen bonded  chain^^^,^^ and where 
2 forms cyclic trimers in which the triple proton transfer is 
moderately fa~t .4”~  The capacity of the different surfaces for 
pyrazole loading is finite; it depends on the type of adsorbent and 
adsorbate and the method of adsorption. Quantitative information 
concerning the distribution of 2 between the bulk crystalline state 
and the surface was obtained by l5N CPMAS NMR.  The surface 
proton exchange seems to be catalyzed by surface OH groups. 
Both cyclic multiple proton-transfer processes as well as proto- 
nation/deprotonation mechanisms (Figure 1) must be discussed. 
At low temperatures the surface proton exchange of 2 could be 
frozen out within the 15N N M R  time scale. In this regime, 
different binding sites which seem to be characterized by different 
proton-exchange dynamics were observed. 

Let us first discuss the loading problem. The hydrophilic parts 
of 1 and 2 are capable of forming hydrogen bonds with proton 
donors and acceptors. Therefore, 1 and 2 easily form hydrogen 
bonds with Si-OH groups or with water in the alumina or silica 
surface. The free enthalpy gain of this process is apparently 
sufficient to compensate the enthalpy needed to break the 
hydrogen bonds in the molecular solids of 1 and 2 and the 
dissolution of the lattices. Note that we observed no signs 
indicating that addition of water leads to an increased incorpora- 
tion of 1 and 2 into the surfaces. This leads us to believe that 
most of the adsorbates are directly bound to surface Si-OH groups. 
It will, however, be tempting in future studies to investigate 
whether a reduction of the latter reduces the fraction x, of 
adsorbate in the surfaces. 

At present, it seems that the surfaces studied contain more 
than one OH group per molecule of adsorbed 1 and 2. In this 
regime, it is tempting to relate x, to the size of the inner pores 
of the materials used. Thus, the silica used adsorbed more 
adsorbate than the alumina which is not surprising because the 
inner surface of the former was 4 times larger than of the latter. 
An influence of the pore diameter could not be detected. 1 is 
incorporated into the surfaces in larger amounts than 2 which 
may be ascribed to the larger molecular size of the latter. On 
the other hand, it is also possible that in the case of 2, the 
equilibrium bulk state adsorbed state is shifted more to the 
bulk state, which has a higher melting point, Le., larger 
intermolecular interactions in the bulk phase as compared to 1. 
For the case of 2 mixed with silica in the ratio R = 1 it was 
possible to quantitatively derive values of x,  by I5N CPMAS 
N M R  spectroscopy. Let us compare the values obtained with 
those estimated in the following for a monomolecular coverage 
of the silica surface. Let n, represent again the number of 
moles of adsorbed pyrazole molecules, nb those in the bulk 
phase, ma + mb = Rm,ds the total mass of the adsorbate, ma& the 
mass of the adsorbent, R the mixing ratio and M the molecular 
mass of the adsorbate. Since n, = Sm,d,/ANL, where S is the 
inner pore surface of the adsorbent, A represents the surface 
covered by the adsorbate, and NL the Avogadro’s number, it 
follows that 
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( 9 )  

A is of the order of 3 0 4 0  A2 when the molecular plane is 
perpendicular to the surface of the adsorbent as expected when 
2 forms hydrogen bonds with surface OH groups as shown in 
Figure Id-f, and about 50-60 A2 for a parallel arrangement of 
the molecular plane and the surface. With A = 40-60 A2 and 
S = 500 m2/g we obtained xa = 0.20-0.13 when R = 1. 
Experimentally (Figure 6 ) ,  it was found for mechanically ground 
mixtures of 2 with silica that xa = 0.06; however, x, i= 0.16-0.22 
was found when CH2C12 was used to load 2 into the surface. The 
latter value is in good agreement with the values calculated from 
eq 9 supporting a monomolecular coverage determined by the 
available surface size meaning that the number of OH groups are 
not the bottleneck. 

How can one understand that the coverage is larger after 
solvent-assisted adsorption as compared to mechanical grinding? 
It cannot be due to a different sample composition as the solvent 
is removed after sample preparation and as the mobility and 
reactivity of the adsorbate is identical in both samples. Our results 
can, however, be explained in terms of the model shown in Figure 
8. Let us assume that during mechanical grinding (Figure 8a) 
the silica surface and the surface of the adsorbate microcrystals 
must come into contact for the mass transport from the 
microcrystal into the porous solid to occur. The activation energy 
required for the mass transport across the phase boundaries is 
provided by friction and stops immediately after grinding is 
finished. This transport is probably assisted by melting of the 
adsorbate surface during friction. The inner surface of the 
mesopores is now of fractal dimensions66 as illustrated in Figure 
8. Thus, in the solvent-assisted way of mixing, the surface 
accessible for the solution is relatively large because of the small 
size of the molecules involved. However, the microcrystals are 
much larger and the effective adsorbent surface experienced by 
these particles is, therefore, smaller. Therefore, there are remote 
surface areas which are not accessible by the microcrystals as 
illustrated in Figure 8b. Surface regions exposed to the micro- 
crystals are now rapidly loaded and saturated during the grinding 
process. To load the total surface by grinding, surface diffusion 
of the adsorbent into remote areas is required which is slow in 
comparison to the grinding time despite a high local molecular 
mobility. If, a t  this point, fresh adsorbent is added to a ground 
mixture containing a substantial amount of microcrystals, further 
grinding results in their dissolution. As long as there is sufficient 
free surface contacting the microcrystals, no kinetic bottleneck 
for the adsorption process can occur; the bottleneck arises only 
after this surface is loaded. By contrast, there is no major 
bottleneck in solvent-assisted adsorption because the liquid can 
penetrate remote areas. 

Let us now discuss in more detail the information on the 
reactivity and mobility of the adsorbents in the surface arising 
from the variable-temperature '5N CPMAS N M R  spectra of 2 
on silica shown in Figure 7. No evidence for the formation of 
the cation 3 was obtained in the temperature range covered. 
Slightly different chemical shifts of 2 in alumina, silica, bulk 
crystal, and DMSO solution (Table 1) can be explained by the 
formation of different types of hydrogen bonds. Hydrogen-bond 
effects on pyrazole chemical shifts have, for example, been noticed 
recently.38 In the case of 2 adsorbed on alumina and silica, small 
amounts of paramagnetic impurities in the latter could lead to 
more or less strong shifts of the 'SN resonances. The formation 
of different hydrogen bonded environments can also explain the 
finding of a very broad distribution of different sites characterized 
by different rate constants of proton exchange in 2 adsorbed on 
silica. A distribution of equilibrium constants of proton exchange 
must possibly be taken into account. Similar spectral features 
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Figure 8. Model of adsorption (a) by mixing and mechanically grinding 
the components without solvent and (b) by solvent assisted adsorption. 
For further explanation see text. 

have also been found for other dynamic processes in disordered 
matrices.26~66~67 Distributions of this kind lead to a very small 
fraction of molecules exhibiting a line shape at  the coalescence 
point, Le., to a superposition of subspectra characteristic for the 
sites with slow and fast molecular dynamics. Other sources which 
may complicate the interpretation of the spectra are (i) a broad 
distribution of equilibrium constant^,^^ (ii) line broadening arising 
from the molecular dynamics, i.e. proton exchange within the 
sites, and (iii) exchange between different sites. To obtain 
quantitative information, a detailed line-shape analysis and two- 
dimensional N M R  experiments would be necessary, but such 
experiments were beyond the scope of this study. 

Returning to Figure 7, a t  273 K, different sites characterized 
by slow and by rapid proton-exchange rates give rise to broadened 
but distinct lines. This indicates that site-exchange processes are 
much slower than the proton-exchange processes; in other words, 
the observed proton-transfer processes take place in local 
hydrogen-bonded associates. Site exchange is now connected 
with both molecular rotational and translational jumps and 
diffusion processes in the surface. At the molecular level, these 
processes are fast at room temperature, which explains the short 
TI and T I ,  values in the adsorbed state as well as the observation 
of a sharp line in the off-angle spinning spectrum of adsorbed 2. 
These observations indicate motional averaging of the anisotropy 
of the l5N chemical shifts and of the IH--l5N dipolar couplings. 
Only the proton exchange leads to an averaging of the two 15N 
isotropic chemical shifts of the pyrazoles studied. 

What is then the mechanism of proton transfer on the surface? 
By comparison of the spectra obtained for 2 on silica with those 
obtained for bulk 2 and for other pyrazoles,4O-@ it is obvious that 
the proton exchange of pyrazoles loaded into alumina and silica 
surfaces is significantly faster than all proton-transfer processes 
in cyclic hydrogen-bonded dimers, trimers, or tetramers of 
pyrazoles in the bulk solid state. Therefore, it is unlikely to assume 
that the pyrazoles embedded in porous solids are subject to proton 
self-exchange processes. A more plausible explanation would be 
that the proton exchange takes place between pyrazole molecules 
and surface OH groups, the latter acting in different ways. The 
first possibility open to discussion concerns the formation of a 
small fraction of pyrazole cations 3 (Figure IC). However, no 
evidence for the formation of such cations was obtained in this 
study. This is understandable, in view of the small pK, value of 
2.48 for the diprotonated cation of pyrazole.68 The corresponding 
values are 9.25 for ammoniumb9 and 5.17 for pyridinium,70 
explaining why ammonia and pyridine are protonated by acidic 
O H  groups of alumina, silica and zeolites.48-55 Nevertheless, 
although protonated pyrazole cations could not be directly 
observed, they may represent intermediates of the proton exchange 
between pyrazoles and acidic surface O H  groups. 

Other possible proton-transfer pathways are listed in Figure 
Id-f which involve multiple proton transfers in cyclic hydrogen- 
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bonded complexes of pyrazoles with surface OH groups. It is 
evident that different processes could take place in various 
molecular sites. 

Conclusions 
It has been shown by high-resolution 13C and 15N solid-state 

N M R  spectroscopy under the conditions of cross polarization 
(CP) and magic angle spinning (MAS) that alumina and silica 
surfaces can incorporate bifunctional proton donor/acceptor 
systems such as pyrazoles. The incorporation was achieved as 
proposed by Ebener et al.56 both by solvent assisted loading and 
by mechanical grinding. By adjusting the conditions of lSN 
CPMAS NMR,  it was possible to measure the ratio of the 
incorporated adsorbates versus the bulk crystalline environment 
in a quantitative way, depending on the nature of the adsorbents, 
the nature of the pyrazole adsorbates and the method of loading. 
A model was proposed for the two loading processes. Whereas 
in the former the solution of the adsorbate in the organic solvent 
has access to a large inner surface, only a smaller portion is 
accessible for mass transport by grinding. Once these areas are 
loaded the adsorbate must first reach the remote surface areas 
by diffusion before more adsorbate can be loaded again by 
grinding. 

The surfaces of silica and alumina offer different pyrazole 
binding sites characterized by slightly different chemical shifts. 
Acidic surface OH groups do not protonate pyrazole to an 
observable extent but rapidly exchange protons with the latter. 
A large distribution of binding sites characterized by different 
rate constants of proton transfer is present; site exchange is slow 
and not required for the proton transfer to occur. 

In conclusion, pyrazoles constitute useful molecular probes for 
exploring the structure of porous solids. In addition, when using 
these materials as matrix for high-resolution solid-state N M R  
spectroscopy, one must bear in mind that proton-exchange 
processes can occur if the adsorbates contain mobile protons. In 
the future, it would be tempting to study the effects of the number 
of available surface water and Si-OH groups on the efficiency 
of the adsorption process, as well as kinetic hydrogen/deuterium 
isotope effects on the proton exchange of adsorbed pyrazoles and 
related compounds. 
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