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Evaluation of hydrogen bonding ability 
of liquids and solids by C- 13 NMR. 

Silica gel as a strong hydrogen bond donor 

D a n  Fhrca~iu 1 and  A n c a  Ghenc iu  

Department of Chemical and Petroleum Engineering, University of Pittsburgh, 
1249 Benedum Hail Pittsburgh, PA 15261, USA 

Received 11 November 1994; accepted 11 January 1995 

The chemical shift difference between signals of C(I]) and C(a) of unsaturated ketones, A~, 
which we used before to measure acid strengths, has now been used to evaluate the hydrogen 
bond donor ability of solvents which are not acidic enough to hydronate the indicator. For such 
solvents there is no general correlation between H-bond donor ability and acid strength: hexa- 
fluoroisopropanol is a much weaker acid than acetic acid, but it is a stronger H-bond donor. 
The method can be applied to evaluate the H-bonding properties of solid surfaces, and it was 
thus found that silica gel has a much stronger H-bond donor ability than methanol or acetic 
acid. 
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1. Introduction 

In  previous papers  we repor ted  on a m e t h o d  of  acidi ty m e a s u r e m e n t  using 13C 
N M R  spectroscopy,  which can be used on work ing  s t rong acid cata lys ts  n o t  amen-  
able to t rad i t iona l  H a m m e t t  acidi ty measurements  based  on UV-vis ib le  spectros- 
copy  [1]. Our  m e t h o d  requires the use o f  an  indica tor  base for  which the posit ive 
charge  acqui red  upon  h y d r o n a t i o n  #1 is d is t r ibuted very unevenly  be tween ca rbon  
a toms.  ~t,13-unsaturated ketones (1) proved to be useful for  this purpose.  U p o n  
h y d r o n a t i o n ,  

i To whom correspondence should be addressed. 
#1 The use of "hydron" was recommended to distinguish the ion of H in natural composition from 

the isotopic species "proton", "deuteron", and "triton", see ref. [2]. 
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R C H 2 - C O -  CH= C R ' - M e  +AH ~ R C H 2 - C ( O H ) =  CH-- C + R ' - M e  + A - ,  

1 2 (1) 
a: R = H,  R' = Me 

most of the positive charge in the conjugate acid 2 is localized in the f) position; 
the a position carries little charge. Therefore, our method #2 uses the chemical shift 
difference A6 between the signals for C([}) and C(a), 

A 6  = - ( 2 )  

as a measure of the extent of hydronation free of solvent effects [1,3]. Because the 
acid-base equilibrium of eq. (1) is fast, the chemical shifts of the 13 C NMR signals 
for the mixture of 1 and 2 are the weighted average of the values for the two species 
and are a measure of the extent of hydronation (ratio 2/1). As this quantity varies 
linearly with the total concentration of indicator in dilute solutions [1,4], an acidity 
function can be derived by the use of the chemical shift difference at infinite dilu- 
tion, A6 ~ [1], 

A6 = s([B] + [BH+]) + A6 ~ . (3) 

A calibration of A6 ~ with the Hammett acidity H0 of sulfuric acid solutions allows 
the determination of this acidity function for other acids [1]. 

Our approach has been checked and validated by the examination of a large 
number of strong acid solutions. Thus, we determined H0 values for molecular 
acids (perchloric, phosphoric, methanesulfonic), as well as for complex and compo- 
site acid catalysts, such as BF3-H20 [5], MeSO3H-P205 (Eaton catalyst [6]) [7], 
B F 3 - H 3 P O a - H 2 0  [8], and a heteropolyacid in solution [9]. Information about the 
structure of and reactions occurring within complex acids has also been obtained 
from these measurements [7-9]. H0 values were obtained even for "dirty" acid cat- 
alysts from industrial installations, not characterizable otherwise [lb]. Moreover, 
other researchers have applied our method, to correlate the acid strength of the cat- 
alysts with reaction rates in the Fischer indole synthesis [10] and to assess the acid 
strength of H-ZSM-5 zeolite [11 ]. 

In our previous work, we noticed a variation of A6 and A6 ~ with the solvent 
even for acid solutions where hydronation of mesityl oxide was very small or negli- 
gible (3-4 H0 units weaker than required for half-hydronation of la). This behav- 
ior was not related to the polarity of solvent, because A6 was the same in 
chloroform and DMSO, but it was manifested by solvents with OH groups which 
can form hydrogen bonds [1]. Based on the values measured in MeOH, AcOH, and 
dichloroacetic acid we concluded tentatively that the hydrogen bonding increases 
with the solvent acidity in the H0 range where no significant hydron transfer occurs 
and that A6 can be used to compare the acidity of these media, even though their 

#2 The same approach was used before in ref. [3]. 
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H0 values cannot be deduced [lb]. We have since verified on other compounds 
this correlation of hydrogen bond donor ability of solvents in the absence of hydro- 
nation with their acid strength and found it incorrect. We found, however, that 
these measurements can provide a comparison of hydrogen bond donor ability of 
solvents which are not strong enough acids to donate a hydron to the indicator in 
measurable amount. Moreover, using the sample of silica gel, we found that we can 
evaluate the H-bond donor ability of solid surfaces carrying OH groups. This prop- 
erty can be important for the use of these materials as supports for catalysts. We 
report our results here. 

2. Experimental  

2.1. MATERIALS 

HFIP 98% was used as received and handled in a nitrogen-filled glove bag. Sulfo- 
lane was redistilled over P205 under reduced pressure. SO2 (b.p.= - 10~ and neo- 
pentane (b.p.-- 9.5~ were used as received, but were transferred into the vacuum 
line through a P205 column for drying. Silica gel (Davisil, grade 634, 100-200 
mesh, 60 A, surface area 480 m 2/g, pore volume 0.75 cm 3 /g) was dried overnight at 
130~ for all the samples. A second type of silica gel (Merck, 35-70 mesh, 40 A, sur- 
face area 675 m2/g, pore volume 0.68 cm 3/g) was used for some experiments after 
the same treatment. For the experiments in acetic acid, several drops of acetic anhy- 
dride were added to the acid (less than 1%), to avoid traces of moisture. 

Mesityl oxide 98%, was checked by GC and used without any further purifi- 
cation. 

2.2. SAMPLE PREPARATION 

All the liquid samples were prepared in preweighed 8 mm NMR tubes as 
described previously [1]. The samples in sulfolane and HFIP were handled in a 
nitrogen-filled glove bag. Samples in SO2 were run in sealed tubes as described else- 
where [12]. 

Ketone la was deposited on silica gel (ca. 1 g dry solid, weighed on an analytical 
balance, 1/10 mg weighing precision) from neopentane. Freon 11 and dichloro- 
methane were also examined as solvents. The NMR spectra were not significantly 
different, but the entrainment was somewhat higher, especially for the latter. Neo- 
pentane was, like SO2, distilled on the vacuum line through a column containing 
P205 and was collected into a two-necked round-bottomed flask containing a pre- 
weighed amount of dry silica gel and a stirring bar. la  was added with a syringe 
through a septum, with stirring. Its quantity was determined by weighing the syr- 
inge before and after the addition. After 2-3 min of stirring, the solvent was 
removed by distillation and the amount of la  deposited was checked by weighing 
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the flask. Although the difference between the boiling points of l a  and the solvent 
is large, traces of l a  were lost by evaporation with the solvent, and traces of solvent 
remained on the solid, as shown by the N M R  spectrum. 

2.3. N M R  M E A S U R E M E N T S  

All the experiments in solution have been performed under the same conditions 
as described before [1]. The silica gel samples were run with magic angle spinning 
on the same instrument [1], in 7 mm zirconia rotors, at a spinning rate of 2500 rps. 
A high power proton decoupling pulse sequence (HPPD) [13], with phase alterna- 
tion was used with 90 ~ pulse (5.2 Ixs), a recycle delay of 8 s, and decoupling during 
excitation and acquisition (49 ms). The chemical shifts were measured from a cali- 
bration spectrum of adamantane as standard (low-field signal at 38.2 ppm). 

3. Results  and discuss ion 

Table 1 presents A6 values obtained for mesityl oxide (la) in several solvents, 
as a function of concentration. Where only one value is given, no variation with 
concentration was seen. The first impression that A6 ~ follows the order of acidity 
(entries 6 and 7) is contradicted by the results on hexafluoroisopropanol (HFIP, 
entry 8). This solvent has a low acidity (pKa = 9.3 [14]), but it is known as a very 
strong hydrogen bond donor #3, a property which led to its practical application as 
catalyst promoter [16]. The A6 ~ value of l a  in HFIP (39.35 ppm) is significantly 
greater than in the much stronger acid, AcOH (33.84 ppm, pKa = 4.75 [17a]). 

The way to distinguish between hydrogen bonding and hydronation of the indi- 
cator (eq. (1)) is by examining the value of the correlation slope s in eq. (3). The 
changes in s for solutions where the indicator is hydronated to a measurable extent 
and their significance, were discussed in our earlier publications [1]. For any parti- 
cular acid the value of s varies with the acid strength, exhibiting a minimum (lar- 
gest negative value) for the acid which hydronates the indicator to an extent of 50% 
[1]. At low acidity, the base is only slightly hydronated and A6 changes little with 
the concentration of base. For practical purposes, we may consider that a value ofs 
less negative than -0.5 indicates that hydronation is negligible and the interaction 
is mere hydrogen bonding. In early studies of acidity by N M R  spectroscopy it was 
found that hydrogen bonding from the acid alters the hydronation curves of alco- 
hols, ethers, carboxylic acids, and amides [3b]. Our results show that the A6 param- 
eter can be used to rank the hydrogen bond donor ability of solvents too weak to 
hydronate the indicators 1 to a significant amount. It is noteworthy that these 
measurements show again the exceptional hydrogen bond donor properties of 
HFIP  as solvent mentioned above [15,16]. 

#3 For  a discussion and  pert inent  references, see ref. [15]. 
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Table 1 
Chemical shifts ofmesityl oxide (la)  in different solvents 

355 

Solvent Cone. of l a  Chemical shift (ppm) 

mol/  mol l a /  6c(~) 6c(1~) A6 = 
g solution mol solvent 6c(1~) - 6c(~) 

sa 

1 none 29.70 
2 CDC13 b 0.79 30.70 
3 DMSO b 0.79 30.71 
4 SO2 0.5 125.75 158.17 32.42 
5 sulfolane 0.79 124.55 154.70 30.15 
6 CH3OH b 0.79 32.16 

7 A A  e 

8 HFIP  

1.45 0.10 124.39 157.81 33.42 
0.43 0.03 124.36 158.07 33.71 
0.22 0.01 124.36 158.13 33.77 
0.02 0.002 124.36 158.20 33.84 
0.00 0.00 33.84 

0.98 0.11 123.39 162.28 38.89 
0.46 0.05 123.36 162.49 39.13 
0.24 0.03 123.33 162.57 39.24 
0.00 0.00 39.35 

-0.29 

-0.48 

Slopesin eq. (3). 
b Fromref.  [1], recorded at 22.65 MHz, frominternalTMSat0.00;ppm[1].  
e AA: acetic acid, H0 = 0.0 [26]. 

Silica has been reported as catalyst in many organic reactions #4 [18] and as cat- 
alyst support in a number of applications #5 [19-23]. It appeared of interest to us 
to determine the hydrogen bond donor ability of the OH groups on its surface. 

As catalytic material, silica gel has been described in literature as having very 
weakly acidic sites. By titration with various bases, the pKa value was determined 
as 6.8 [24a], 7.1 + 0.6 [24b], and by spectroscopic measurements, 7.1 + 0.5 [24c]. 
Other studies of silica (Cab-O-Sil) [25] showed that no acid sites, either Bronsted or 
Lewis, exist on the surface. Pyridine is attached to the surface by hydrogen bonds 
[26], and ammonia is only physisorbed on silica surface [27]. Nonetheless, some 
authors claimed that silica gel contains sites of H0 between - 3  and 6.8 [28a], or 
between H0 1.5 and 4.8 [28b]. It is likely that materials reported in literature as 

#4 For  a summary ofthe use ofsiliea gel as catalyst, see ref. [18a]. 
#5 For  acid and base catalysis: see ref. [19a] for H3BO3, H3PO4, H2SO4 on silica gel; see ref. [19b] 

for NaOH and KOH on silica. For  Fischer-Tropsch catalysts, metals/SiO2, see ref. [20]. For  par- 
tial oxidation of methane on V or Mo oxides/silica, see ref. [21]. For  olefin metathesis: WO3, 
Re207, or MoO3/SiO2, see ref. [22]. For  surface studies ofmetal/SiO2 catalysts: Ni-Cu/SiO2, see 
ref. [23a]; Rh/SiO2, see ref. [23b]. 
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Table 2 
Chemical shifts ofmesityl oxide (la) on silica gel 

Silica gel Concentration of la Chemical shift (ppm) 

mmol la/ x a 6c(p) 6c(a) 
g dry solid 

A6= 
6c(B) -- 6C(a) 

Davisil 

Merck 

8.25 1.46 154.74 124.44 30.30 
5.02 0.89 155.04 124.34 30.70 
3.17 b 0.55 155.84 124.40 31.44 
1.10 0.19 157.95 124.27 33.68 
0.58 0.10 158.87 124.21 34.66 
0.31 0.06 159.44 124.18 35.26 
0.16 0.03 159.84 123.77 36.07 
0.00 0.00 36.20 c 

4.57 0.55 155.18 124.41 30.77 
4.03 0.49 155.50 124.41 30.99 
2.43 0.29 156.21 124.45 31.76 

a x = fraction ofa monolayer of la. 
b The values here were 3.17 4- 0.08, because of a greater weighing error in this experiment. 
c Extrapolated from values at 1.1, 0.58, 0.31, and 0.16 mmol la per gram of solid. 

"si l ica" contained variable amounts  of  extraneous acidic species adsorbed,  which 
means that  the catalytic propert ies observed were not  due to the silica itself. To 
avoid such pitfalls, we employed a silica gel f rom Davisil, described a s " o f  p H  6.5", 
together  with another  material,  made by  Merck.  In our hands, bo th  silica gels 
gave a slurry with distilled water  o f  pHi>6.4  (bromocresol  purple indicator  
pKa = 6.4 [17b]). The chemical shifts of  l a  on silica gel (dried first at 130~ at var- 
ious levels o f  surface coverage are shown in table 2. It  can be seen that  the O H  
groups on the surface have a hydrogen bond  donor  ability between those o f  acetic 
acid and HFIP .  It is also seen that the A6 values increase as the coverage level is 
decreased, even below the monolayer  coverage. Extrapolat ion to zero coverage 
gives A6 ~ = 36.204 ppm. This could mean either that  l a  migrates fast over the sur- 
face, such that  it behaves like in solution, or, more  likely, that  there is a non-uni- 
form distr ibution of  hydrogen bond donor  ability over the surface. As the coverage 
decreases, l a  is adsorbed preferentially on sites (pores, cracks) where stronger or  
multiple H-bonds  are formed. 

Our  results show that  silica gel is a strong hydrogen bond donor.  It  is uncertain 
whether  this proper ty  is important  in its application as support  for metal  catalysts,  
bu t  it should have consequences for its use as support  for metal  oxides [21,22]. 
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