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The study is concerned with analysis of the energies of formation (E), frequency shifts (∆ν)
in IR spectra, ionization potentials (IP) of H�complexes, hydrogen bond lengths (r), and spin
densities (sd) in H�complexes involving radical cations, obtained from quantum chemical
calculations for 20 series of H�complexes. It was for the first time established that the E, IP, r,
and sd values and the changes in enthalpy (∆H) depend not only on the inductive and reso�
nance effects but also on the polarizability effect of the substituents bound to the donor and
acceptor centers in the H�complexes. Interrelations between the polarizability effect and the
molecular structure of H�complexes are considered.
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H�Bonded complexes between electron acceptor mol�
ecules YjA—H (a) and electron donor molecules DXi (d)
are of considerable value in chemistry, biology, and
physics.

(1)

The energy (E) and length (rD...H) of the H�bond, the
Gibbs free energy (∆G), and the enthalpy, ∆H, of reac�
tion (1), the frequency shift (∆ν) of the stretching vibra�
tion ν(A—H) in the IR spectrum on going from isolated
molecule to a complex, and some other parameters of

H�complexes depend on four variables, namely, the do�
nor (D) and acceptor (A—H) centers and the substituents
Xi and Yj.

1—3

At present, studies of H�complexes provide an ap�
proximate idea of the effects of the variables mentioned
above on the parameters E, ∆G, ∆H, r, ∆ν, etc. At the
same time elaboration of relevant concepts is important
for not only developing the theory of hydrogen bonding
but also solving a number of accompanying problems,
in particular, establishing the mechanisms of the interac�
tion of the substituents Xi and Yj with the reaction cen�
ters, Dδ+ and A—Hδ–, bearing a partial positive and nega�
tive charge, respectively. It is convenient to study the
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effects of substituents using narrow series of H�com�
plexes, e.g.,

, (2)

, (3)

with three of the four variables being fixed.1—3

According to Hammett and Taft,4,5 electronic inter�
actions between the substituent X and the reaction cen�
ter Z (Z = COOH, +CAlk2, NO2

–, etc.) in "classical"

systems  include the inductive effect and conju�
gation. Usually, they are quantitatively characterized
by (i) universal inductive constants σI and (ii) certain sets
of the resonance constants of substituents X (σR, σR

+,
and σR

–, depending on the magnitude and sign of the
charge on Z). "Non�classical" systems, e.g., those shown
in Eqs (2) and (3), differ from the "classical" analogs by
shorter distances between X (Y) and Z. As X (Y) ap�
proaches the charged center Z, the probability of addi�
tional interaction between them (polarizability effect)4,6

increases. The occurrence of this effect in H�com�
plexes was recently7 proved in the analysis of experimen�
tal ∆ν and ∆G values for a number of narrow series of the
type (2).

Nevertheless, comprehensive understanding of how
the polarizability effect influences the parameters of
H�complexes (and, hence, of the mechanism of the inter�
action between substituents and the charged reaction cen�
ters in "non�classical" systems) requires further studies.
Modern quantum chemical studies of H�complexes of�
fer a considerable advantage over experimental investi�
gations. First, it is much easier to carry out quantum
chemical calculations of a number of well�known impor�
tant narrow series of H�complexes than to study them
experimentally. Typical examples are provided by the
H�complexes involving HF, ions, and radical ions.
Second, in order to perform quantum chemical calcula�
tions, it is quite easy to compile various series of electron
donor molecules DXi characterized by maximum possible
range of changes in the donor�acceptor properties of sub�
stituents Xi. Experimental studies of such series can be
complicated by the problems of the synthesis of com�
pounds and by ambiguity of the results on formation of
H�complexes involving DXi molecules having additional
donor centers Xi. Third, quantum chemical methods al�
low any parameter of an H�complex to be calculated. In
contrast to this, experimental determination of the dis�
tance r is a rather complicated task while the energy E
and the atomic charges can not be determined experi�
mentally.

To date, a considerable body of information on nar�
row series H�complexes has been accumulated using quan�
tum chemistry methods.8—14 We believe that it can be

efficiently used for extracting information on the intramo�
lecular interactions in "nonclassical" systems.

The aim of this work was to establish correlations be�
tween parameters of H�complexes and characteristics of
the inductive, resonance, and polarizability effects of the
substituents bound to the donor and acceptor centers.

Calculation Procedure

Using twenty narrow series of H�complexes (Tables 1—5,
series I—XX), it is possible to consider the effects of substitu�
ents X on the parameters E, rD—H, ∆ν(A—H), ∆H, on the ion�
ization potentials (IP) of complexes (series IV), and on the spin
density (sd) on the O atom of PhO•+—H radical cation in com�
plexes of series V. The number of the series, the type of the
donor center B, and the computational method (for parameters
of H�complexes) are shown below. Series XXI is given for com�
parison.

Series Donor center B Computational method

I, II Atom N or O HF/6�31+G(d,p)
III Atom N B3LYP/6�31G(d,p)
IV, V Atom N RMP2/6�311++g**//

(U)B3LYP/6�31+g*
VI—X Atom O B3LYP/6�311++G(d,p)
XV—XIX
XI Triple bond HF/6�311++G**
XII—XIV Atom N or O (U)B3LYP/6�31++g**//

(U)B3LYP/6�31++g**
XX Atoms N and O MP2/6�31G(d)//HF/6�31G(d)
XXI Atom O Based on IR spectra15

The energies of formation of hydrogen bonds, E, listed in
Tables 1—5 represent corrected8—14 differences between the to�
tal energies of the complexes and the reagent molecules.

Taking into account the results obtained in Ref. 7, we can
assume that the influence of substituents X in series I—XXI is
not reduced to the inductive and resonance effects but also
includes the polarizability effect. Indeed, in charged systems
(XA—Hδ– or Dδ+X) the charge q polarizes the substituent X,
thus inducing a dipole. The energy of electrostatic ion�dipole
interaction is given by6

Est = –q2α/(2εrq
4), (4)

where α is the polarizability of substituent X, ε is the dielectric
constant, and rq is the distance between the charge q and the
induced dipole. The energy Est abruptly increases as the dis�
tance r decreases and therefore plays an important role in the
charged "non�classical" systems.

The polarizability effect can be characterized by both the
energy Est and universal constants σα of substituents X.4 The use
of the σα values, which are tabulated for many X, makes it
possible to avoid labor�consuming calculations6 using expres�
sion (4). Besides, the σα constants are normalized to the induc�
tive (σI) and resonance (σR, σR

+, σR
–) constants of substitu�

ents X. This allows linear free energy relationships (LFER) and
the assumption of independence and additivity of the effects of
substituents X (for more detail, see, e.g., Refs 5 and 16) to be
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Table 1. Energies of formation (E), lengths of hydrogen bonds (rN...H and rO...H), and frequency shifts (∆ν(F—H) and
∆ν(O...H)) in the IR spectra of H�complexes (series I—III)

X F—H...N≡C—X (I)8 F—H...O=CHX (II)8 X—C≡C—H...NH3 (III)9

E rN...H ∆ν(F—H) E rO...H ∆ν(F—H) E rN...H ∆ν(С—H)
/kcal mol–1 /Å /cm–1 /kcal mol–1 /Å /cm–1 /kcal mol–1 /Å /cm–1

NH2 6.3 1.920 251 7.5 1.746 392 — — —
OH 5.6 1.947 214 5.4 1.820 258 — — —
OMe 6.2 1.923 245 6.0 1.797 290 — — —
SH 4.8 1.977 190 4.8 1.840 239 — — —
Me 5.8 1.937 233 6.1 1.797 308 2.16 2.185 193
H 4.4 1.991 175 4.9 1.834 252 2.88 2.156 224
F 4.0 2.007 154 3.5 1.911 157 3.08 2.128 236
Cl 4.2 2.002 162 3.3 1.920 153 3.52 2.120 241
C≡CH — — — — — — 3.68 2.117 253
CF3 3.0 2.059 118 3.2 1.917 160 4.76 2.072 281
CN 2.3 2.092 96 2.8 1.939 152 5.66 2.039 324
NO2 1.9 2.122 82 1.7 2.129 78 — — —

Table 2. Energies of formation of hydrogen bonds (E) in complexes (series IV—X), ionization potentials (IP) of complexes (series IV),
and the spin density (sd) on O atom of phenoxyl radical (series V)

X PhO—H...NH2C≡CX PhO•+—H...NH2C≡CX  (series VI—X)

(series IV)10 (series V)10 E/kcal mol–1 (see Ref. 11)

E IP* E sd Y = NH2 Y = H Y = F Y = Cl Y = CN
/kcal mol–1 /eV /kcal mol–1 /au (VI) (VII) (VIII) (IX) (X)

NH2 — — — — 27.31 29.76 33.51 36.95 48.38
OH 5.4 7.64 23.0 0.079 — — — — —
Me 5.3 7.66 23.0 0.082 — — — — —
H 4.9 7.81 18.3 0.076 26.74 29.42 32.97 36.24 47.48
F 4.5 7.82 18.1 0.076 25.53 28.01 32.80 33.72 44.45
Cl 4.5 7.80 18.6 0.076 23.17 25.48 27.93 33.03 41.58
CN — — — — 19.14 21.26 23.18 26.02 34.61
NO2 2.9 8.11 9.9 0.065 — — — — —

* Unbound phenol is characterized by IP = 8.41 eV.10

Table 3. Energies of formation of hydrogen bonds (E) in com�
plexes XC≡CX´...HF (XI)12

Х Х´ E/kcal mol–1

H H 2.69
H F 1.53
H Cl 1.77
F F 0.06
Cl Cl 0.66

applied to the ∆G values for narrow series of H�complexes in
the form

∆G = ∆GI + ∆GR + ∆GP, (5)

where ∆GI = bσI, ∆GR = cσR (σR
+, σR

–) and ∆GP = dσα are the
contributions of the inductive, resonance, and polarizability ef�
fects of substituents X to the overall change in ∆G.

Let a change in a characteristic P of a charged "non�classi�
cal" system (e.g., ∆ν values of H�complexes7) caused by the
effect of substituents X be a linear function of the change in the
free energy ∆G, which is also caused by these substituents. Then,
there are grounds to believe that the following equations are
valid for P

P = a + bσI + cσR(σR
+, σR

–) + dσα. (6)

Using the results of quantum chemical calculations of the
characteristics of H�complexes involving "non�classical" accep�
tors (donors) (see Tables 1—5), it is possible to check this as�
sumption and thus for the first time establish how the polariz�
ability effect influences the parameters P = E, r, IP, sd, and ∆H.

Correlation equations were calculated using the
"Statgraphics 3.0" program. Data were processed by the least
squares method at a confidence level of 95%.

The sets of the σI, σR, σR
+, σR

–, and σα constants (Table 6)
used in this work are the same as those employed earlier.4,7,16
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Table 4. Energies of formation of hydrogen bonds (E/kcal mol–1) in complexes XII—XIX

X  (series XV—XIX)11

Y = NH2 Y = H Y = F Y = Cl Y = CN
(XII)13 (XIII)13 (XIV)13

(XV) (XVI) (XVII) (XVIII) (XIX)

NMe2 5.85 3.88 13.22 — — — — —
NH2 5.97 4.03 14.75 27.31 26.74 25.53 23.17 19.14
OMe 6.27 4.23 15.73 — — — — —
OH 6.31 4.35 16.07 — — — — —
Me 6.38 4.28 17.07 — — — — —
H 6.63 4.49 18.49 29.76 29.42 28.01 25.48 21.26
SMe 7.10 4.48 14.57 — — — — —
F 7.04 4.88 18.64 33.51 32.97 32.80 27.93 23.18
Cl 7.28 5.05 17.77 36.95 36.24 33.72 33.03 26.02
C≡CH 7.36 5.03 16.47 — — — — —
COMe 7.85 5.33 17.32 — — — — —
COOH 7.91 5.40 18.80 — — — — —
CF3 7.93 5.58 19.65 — — — — —
CN 8.40 5.93 19.17 48.38 47.48 44.45 41.58 34.61
NO2 8.89 6.25 19.83 — — — — —

Table 5. Energy of formation (E) of complexes series XX and
changes in enthalpy (∆H) of hydrogen bonds in complexes (se�
ries XXI)

X

(series XX), (series XXI),
E –∆H

kcal mol–1

NH2 12.12 —
Me 12.50 6.42
Ph 12.89 5.69
H 12.59 —
F 12.96 —
CH2F — 4.36
CHF2 — 4.02
CF3 — 3.90
CN 13.58 —
NO2 13.55 —

Table 6. Inductive (σI), resonance (σR, σR
–, σR

+), and polariz�
ability (σα) constants of substituents X in series I—XXI

X σI σR σR
– σR

+ σα

H 0 0 0 0 0
Me –0.05 –0.12 –0.13 –0.26 –0.35
Ph 0.12 –0.13 –0.10 –0.30 –0.81
C≡CH 0.22 0.01 0.31 –0.04 –0.60
COOH 0.34 0.11 0.43 0.08 –0.34
COMe 0.33 0.17 0.51 0.14 –0.55
C≡N 0.51 0.15 0.49 0.15 –0.46
CH2F 0.15 –0.04 — — –0.30
CHF2 0.29 0.03 — — –0.27
CF3 0.38 0.16 0.27 0.23 –0.25
NH2 0.08 –0.74 –0.23 –1.38 –0.16
NMe2 0.15 –0.98 –0.27 –1.85 –0.44
NO2 0.65 0.13 0.62 0.14 –0.26
OH 0.33 –0.70 –0.70 –1.25 –0.03
OMe 0.29 –0.56 –0.55 –1.07 –0.17
SH 0.30 –0.15 — –0.33 –0.55
SMe 0.23 –0.23 –0.17 –0.83 –0.68
F 0.45 –0.39 –0.48 –0.52 0.13
Cl 0.42 –0.19 –0.23 –0.31 –0.43

Results and Discussion

We began with the following relations:

series I

E = (0.0260±0.0006)∆ν

(SY = 0.1, R = 0.998, n = 11), (7)

r = (2.199±0.010) – (0.00115±0.00005)∆ν

(SY = 0.010, R = 0.990, n = 11), (8)

series II

E = (0.28±0.17) + (0.0189±0.0007)∆ν

(SY = 0.2, R = 0.993, n = 11), (9)

r = (2.112±0.035) – (0.00106±0.00011)∆ν

(SY = 0.042, R = 0.922, n = 11), (10)
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series III

E = (–3.31±0.38) + (0.0279±0.0015)∆ν

(SY = 0.16, R = 0.993, n = 7), (11)

r = (2.404±0.020) – (0.00115±0.00008)∆ν

(SY = 0.008, R = 0.989, n = 7), (12)

series V

sd = (0.054±0.002) + (0.0012±0.0001)E

(SY = 0.001, R = 0.981, n = 6). (13)

Validity of the LFER principle for the frequency
shifts ∆ν 7 and ionization potentials IP 16 and linearity of
Eqs (7)—(13) suggest that this principle is also valid for
the parameters E, r, and sd. Therefore, the correlation
equation (6) can also be applied to these parameters.

From the data listed in Table 7 it follows that most
series do obey Eq. (6), i.e., the polarizability effect does

influence the above�mentioned parameters of the H�com�
plexes under study. In some cases the contribution of this
effect of substituents X to the overall changes in the corre�
sponding parameters can exceed a value of 25% (Table 8).
This does not contradict the fact that the polarizability
effect was not found for certain series of H�complexes;
the reasons for this will be considered below.

Analysis of the data listed in Tables 7 and 8 makes it
possible to draw some general conclusions.

1. Modern quantum chemistry is reliable and useful
for calculating parameters of H�complexes, as is, in par�
ticular, indicated by high correlation coefficients R in the
equations with three unknowns (see Table 7). In this con�
nection it is important that the conclusion about occur�
rence of the polarizability effect for H�complexes, drawn
based on analysis of experimental ∆ν values7 is in excel�
lent agreement with the results obtained in this work (see
Tables 7 and 8, series I—III).

2. Different parameters of narrow series of H�com�
plexes are in pair related by linear dependences. In addi�

Table 7. Coefficients of equations E(r, ∆ν, IP, sd, ∆H ) = (a±Sa) + (b±Sb)σI + (c±Sc)σR(σR
–, σR

+) + (d±Sd)σα and their standard
errors (a±Sa, b±Sb, c±Sc, d±Sd), standard errors of approximation (SY), correlation coefficients (R), and sample size (n) for
series I—XXI

Series Parameter a±Sa b±Sb c±Sc σa d±Sd SY
b Rb n

I E 4.5±0.3 –3.8±0.6 –3.4±0.4 σR –1.4±0.7 0.4 (0.5) 0.965 (0.950) 11
rN...H 1.99±0.02 0.18±0.03 0.14±0.02 σR 0.06±0.03 0.02 (0.02) 0.957 (0.948) 11
∆ν(F—H) 180±12 –153±23 –127±16 σR –60±25 15 (19) 0.966 (0.946) 11

II E 5.0±0.2 –5.2±0.5 –1.8±0.2 σR
+ –1.1±0.5 0.3 (0.4) 0.983 (0.975) 11

rO...H 1.83±0.04 0.33±0.07 0.16±0.05 σR
+ 0.09±0.08 0.04 (0.05) 0.902 (0.803) 11

∆ν(F—H) 256±18 –288±35 –89±14 σR
+ –73±37 23 (26) 0.968 (0.956) 11

III E 2.84±0.19 3.47±0.42 2.64±0.35 σR
– 0.74±0.46 0.23 (0.27) 0.981 (0.973) 7

rN...H 2.156±0.005 –0.164±0.011 –0.096±0.009 σR
– –0.032±0.012 0.006 (0.010) 0.993 (0.980) 7

∆ν(C—H) 221±5 127±12 94±10 σR
– 33±13 7 (10) 0.988 (0.973) 7

IV E 4.8±0.1 –2.59±0.27 –2.11±0.27 σR –0.44±0.36 0.16 (0.18) 0.984 (0.981) 6
IP 7.80±0.05 0.42±0.09 0.26±0.05 σR

+ 0.13±0.12 0.06 (0.06) 0.943 (0.941) 6
V E 18.6±0.8 –12.4±1.5 –12.8±1.5 σR –5.6±2.0 0.9 (1.6) 0.983 (0.940) 6

sd 0.077±0.002 –0.016±0.004 –0.013±0.004 σR –0.006±0.005 0.002 (0.002) 0.911 (0.902) 6
VI E 26.97±0.38 –8.98±1.04 –4.77±0.77 σR

– 2.16±1.18 0.44 (0.65) 0.991 (0.981) 5
VII E 29.59±0.27 –9.47±0.76 –4.85±0.56 σR

– 2.56±0.86 0.32 (0.71) 0.996 (0.979) 5
VIII E 33.35±0.62 –9.27±1.73 –5.83±1.28 σR

– 5.92±1.96 0.73 (1.64) 0.987 (0.930) 5
IX E 36.13±0.19 –13.37±0.52 –7.93±0.38 σR

– 1.39±0.59 0.22 (0.40) 0.999 (0.996) 5
X E 47.77±0.48 –16.59±1.34 –8.02±0.99 σR

– 1.91±1.52 0.56 (0.64) 0.995 (0.993) 5
XI E 2.76±0.08 — 3.66±0.18 σR 0.79±0.11 0.10 (0.20) 0.995 (0.980) 5
XII E 6.60±0.14 2.61±0.28 1.53±0.15 σR –0.39±0.23 0.19 (0.20) 0.978 (0.975) 15
XIII E 4.51±0.09 2.16±0.24 1.17±0.12 σR — 0.16 0.973 15
XIV E 18.60±0.28 2.62±0.59 2.54±0.17 σR

+ 3.37±0.46 0.39 (0.91) 0.981 (0.890) 15
XV E 29.24±0.61 24.62±1.64 13.88±1.05 σR

– — 0.76 0.996 5
XVI E 28.80±0.67 23.98±1.81 13.63±1.16 σR

– — 0.84 0.995 5
XVII E 27.61±0.66 24.22±1.84 12.70±1.36 σR

– 3.44±2.09 0.77 (1.06) 0.994 (0.989) 5
XVIII E 25.03±1.25 21.62±3.40 12.25±2.17 σR

– — 1.57 0.977 5
XIX E 20.84±0.52 17.03±1.40 10.76±0.89 σR

– — 0.65 0.994 5
XX E 12.59±0.06 1.37±0.11 0.45±0.06 σR

+ –0.34±0.09 0.07 (0.14) 0.993 (0.968) 7
XXI ∆H –5.8±0.7 10.8±4.5 –9.2±7.5 σR 2.9±1.8 0.46 (0.63) 0.911 (0.826) 5

a The type of the resonance parameter in the term (c±Sc)σR(σR
–, σR

+).
b The values calculated ignoring the polarizability effect are given in parentheses.
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tion to the known1,7 dependences of ∆G and ∆H on ∆ν
and to Eqs (7)—(13), the following relations are valid

IP = (8.64±0.08) – (0.18±0.02)E

(SY = 0.04, R = 0.983, n = 6), (14)

sd = (0.336±0.030) – (0.033±0.004)IP

(SY = 0.001, R = 0.975, n = 6) (15)

(series IV, V).

This indicates the applicability of the LFER principle and
makes it possible to calculate unknown values of certain
parameters of H�complexes.

3. In narrow series of H�complexes with the same elec�
tron acceptor molecule a (complexes that form according
to Eq. (2), series I, II, and IV—XI) the hydrogen bond
energy E is affected by the inductive, resonance, and po�
larizability effects of substituents X. The stronger the elec�
tron�donor properties of X, the higher the energy E.

In series I, II, IV, V, and XI we deal with electrically
neutral starting electron donor molecules DX. The for�

mation of an H�complex is accompanied by the appear�
ance of a partial positive charge δ+ on the donor centers in
these molecules. Therefore, conjugation in Dδ+X is char�
acterized by the σR constants (or σR

+ for series II). In
series VI—X, the starting electron donor molecules bear a
large negative charge on the donor center D–. This charge
only slightly decreases due to partial charge transfer to the
electron acceptor in the course of formation of H�com�
plexes. Therefore, conjugation in D–X is characterized by
the σR

– constants. Our considerations concerning the signs
of the resonance constants are unambiguously substanti�
ated by the results of correlation analysis. Namely, this
choice of the resonance constants provides the maximum
correlation coefficients, R, and minimum standard errors
of approximation, SY. This also concerns all other corre�
lation equations (for series III, XII—XXI) considered
below.

In the complexes of series I, II, and IV—XI, passage
from typical resonance acceptors (X = NO2, CN) to typi�
cal resonance donors (X = NH2, OH) is accompanied by
an increase in the hydrogen bond energy E. Additionally,
the energies E of the H�complexes in series VI—X, in
which the donor center bears a large negative charge (for�
mally, this is similar to the introduction of the strongest
resonance donors X into the d), are much higher than in
series I, II, IV, V, and XI.

4. In narrow series with the same electron donor mol�
ecules (complexes similar to that shown in Eq. (3), se�
ries III and XII—XIX) the H�bond energy E depends, in
the general case, on three effects (inductive, resonance,
and polarizability effects) of substituents X and increases
as the electron acceptor properties of X are enhanced.
The resonance properties of substituents X in these series
(except series XIV) are described by the σR

– constants
owing to the appearance of a partial negative charge δ– on
the acceptor center during the formation of an H�com�
plex. In series XIV, the starting electron acceptors are
radical cations that bear large positive charges on the
acceptor centers. This charge only slightly decreases as a
result of partial compensation by a small charge δ– trans�
ferred from d to a during the formation of the H�complex.
Therefore, conjugation in the a�components of H�com�
plexes of series XIV is characterized by the σR

+ constants
of substituents X.

A salient feature of the H�complexes in series XIII,
XV, XVI, XVIII, and XIX is that no polarizability effect
was found for them (see Tables 7 and 8). The reasons are
quite understandable if we use relation (4). para�Substi�
tuted phenols are very similar to the "classical" electron
acceptor molecules that are characterized by long dis�
tances rq (see expression (4)). Because of this the polariz�
ability effect in the complexes involving para�substituted
phenols is determined by the charge on the acceptor cen�
ter. The complexes of series XIII are characterized by
relatively weak donor properties of the molecule d (H2O),

Table 8. Inductive (bσI), resonance (cσR, cσR
–, or cσR

+), and
polarizability (dσα) contributions (%) to overall changes in E,
rO...H, rN...H, ∆ν, IP, sd, and ∆H under the action of substituents X

Series Parameter bσI cσR, cσR
– or сσR

+ dσα

I E 40±6 45±5 15±7
rN...H 43±7 43±6 14±7
∆ν(F—H) 41±6 43±6 16±6

II E 50±5 40±4 10±5
rO...H 53±11 33±10 14±12
∆ν(F—H) 51±6 36±6 13±6

III E 38±5 51±7 11±7
rN...H 44±3 45±4 11±4
∆ν(C—H) 38±4 49±5 13±5

IV E 48±5 46±6 6±5
IP 40±9 50±10 10±9

V E 39±5 47±6 14±5
sd 44±11 44±13 12±11

VI E 44±5 44±7 12±7
VII E 44±4 42±5 14±5
VIII E 34±6 41±9 25±8
IX E 45±2 50±2 5±2
X E 49±4 45±6 6±5
XI E — 76±4 24±3
XII E 47±5 45±4 8±5
XIII E 53±6 47±5 —
XIV E 18±4 54±4 28±4
XV E 48±3 52±4 —
XVI E 48±4 52±4 —
XVII E 46±4 46±5 8±5
XVIII E 48±8 52±9 —
XIX E 45±4 55±4 —
XX E 49±4 35±5 16±4
XXI ∆H 52±22 30±24 18±11
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which leads to a small charge q and the absence of the
polarizability effect. The compounds belonging to se�
ries XII include stronger donors d (NH3). As a conse�
quence, the charge q is larger, the energy E is higher, and
the contribution of the polarizability effect is 8% (see
Table 8). In the compounds of series XIV, a large charge q
is responsible for the greatest contribution of the polariz�
ability effect (28%). In contrast to the series XV, XVI,
XVIII, and XIX characterized by zero contribution of the
polarizability effect due to the long distance rq, for related
compounds with Y = F (series XVII) this contribution
is 8%. Note that among the series VI—X the greatest
contribution of the polarizability effect was also found for
Y = F (see Table 8, series VIII). According to calcula�
tions,11 the complexes included in series VIII and XVII
(Y = F) are characterized by shorter O...O– distances in
the O—H...O– fragments compared to their isostruc�
tural analogs and, hence, by smaller rq values in rela�
tion (4) and the greatest contribution of the polarizabil�
ity effect.

Common to the complexes included in series III and
XII—XIX is an increase in the hydrogen bond energy
upon enhancement of the acceptor properties of the elec�
tron acceptor molecules, i.e., upon an increase in the
positive charge of the H atom in the acceptor center C—H
(series III) or O—H (other series). For instance, a con�
siderable increase in this charge on going from neutral
molecules to radical cations (series XIII and XIV) is fol�
lowed by an abrupt increase in the energy E. Besides, in
the series III and XII—XIX both the positive charge on
the H atom of the acceptor centers C—H and O—H and
the energy E increase on going from the resonance donors
(X = NMe2, NH2, Me) to the resonance acceptors
(X = CN, NO2).

5. The N...H and O...H bond lengths are determined
by combination of the inductive, resonance, and polariz�
ability effects of the substituents X bound to the donor or
acceptor center in the H�complexes (see Table 7). As
follows from Table 8, in each series (I, II and III) the
contributions of these effects to the overall change in the
parameters r, E, and ∆ν under the action of substituents
do not differ from one another within the limits of error in
determination.

6. The formation of an H�complex is accompanied by
transfer of the electron density from the donor to accep�
tor and by redistribution of the electron density in the
latter. This follows from the parameters IP (ionization
potential) and sd (spin density on the oxygen atom in
H�complexes), which, similarly to the parameters E, r,
and ∆ν, depend on the inductive, resonance, and polariz�
ability effects of substituents X in the molecules d (see
Tables 2, 7, and 8; series IV and V). On the one hand, the
IPs of the complexes PhO—H...NH2C≡CX at any X are
much lower than the IP of free phenol (8.41 eV according
to Ref. 10). On the other hand, they decrease (increase)

as the resonance donor (acceptor) properties of substitu�
ents X are enhanced. The ionization potentials in ques�
tion correspond to detachment of an electron from the
highest occupied molecular orbital (HOMO), which is
mainly localized on the π�MO of the aromatic ring. Addi�
tionally, Eq. (15) shows that the higher the spin density sd
on the O atom in the complexes PhO•+—H...NH2C≡CX
(series V), the lower the IP values of the H�complexes of
neutral PhOH molecule (series IV). From this it follows
that the aromatic ring is involved in delocalization of the
electron density transferred from the donor to acceptor in
the formation of an H�complex.

In conclusion we will briefly outline two series, XX
and XXI, in which both components of H�complexes in�
clude both electron�donor and electron acceptor centers.
Here, the parameters E and ∆H are also determined by
combination of the inductive, resonance, and polarizabil�
ity effects of substituents X. In series XX the energy E
relatively weakly depends on the nature of X and seems to
be mainly determined by the degree of conjugation in the
amide fragment H—N—C=O (its H and O atoms are
involved in the formation of H�bonds, N—H...O and
N...H—N). Probably, enhancement of the electron ac�
ceptor properties of substituents X causes enhancement
of the acceptor properties of the H—N group, an increase
in the energy of the hydrogen bond N...H—N, and trans�
fer of the electron density from the N atom to the H—N
group and then along the amide conjugation chain to the
O atom of the C=O group. As a result the energy of the
hydrogen bond N—H...O increases from 12.12 (X = NH2)
to 13.55 kcal mol–1 (X = NO2, see Table 5). This process
seems to compete with a decrease in the electron density
on the O atom in the C=O group of the O=C—C—X
group and with a decrease in the energy of the hydrogen
bond N—H...O upon enhancement of the acceptor prop�
erties of X. This process can not be significant because it
provides no explanation for the major feature of the com�
pounds in series XX, namely, the increase in the energy E
upon enhancement of the acceptor properties of X.

References

1. M. D. Joesten and L. J. Schaad, Hydrogen Bonding, Marcel
Dekker, New York, 1974.

2. Vodorodnaya svyaz´ [The Hydrogen Bond], Ed. N. D. Sokolov,
Nauka, Moscow, 1981, 288 pp. (in Russian).

3. C. L. Perrin and J. B. Nielson, Ann. Rev. Phys. Chem., 1997,
48, 511.

4. C. Hansch, A. Leo, and R. W. Taft, Chem. Rev., 1991,
91, 165.

5. A. N. Egorochkin and M. G. Voronkov, Elektronnoe stroenie
organicheskikh soedinenii kremniya, germaniya i olova [Elec�
tronic Structure of Organosilicon, Organogermanium, and
Organotin Compounds], Izd. SO RAN, Novosibirsk, 2000,
615 pp. (in Russian).

6. P. D. Pacey and Q.�T. Tan, J. Phys. Chem., 1995, 99, 17729.



Polarizability effect in H�complexes Russ.Chem.Bull., Int.Ed., Vol. 55, No. 4, April, 2006 631

7. A. N. Egorochkin and O. V. Kuznetsova, Izv. Akad. Nauk.
Ser. Khim., 2002, 881 [Russ. Chem. Bull., Int. Ed., 2002,
51, 961].

8. B. Galabov and P. Bobadova�Parvanova, J. Phys. Chem. A,
1999, 103, 6793.

9. V. Dimitrova, S. Ilieva, and B. Galabov, J. Phys. Chem. A,
2002, 106, 11801.

10. Y. Fang, L. Liu, Y. Feng, X.�S. Li, and Q.�X. Guo, J. Phys.
Chem. A, 2002, 106, 4669.

11. A. K. Chandra and T. Zeegers�Huyskens, J. Org. Chem.,
2003, 68, 3618.

12. S. Wojtulewski and S. J. Grabowski, J. Mol. Struct., 2002,
605, 235.

13. Y. Feng, L. Liu, Y. Fang, and Q.�X. Guo, J. Phys. Chem. A,
2002, 106, 11518.

14. S.�I. Kawahara and T. Uchimaru, J. Mol. Struct.,
THEOCHEM, 2002, 588, 29.

15. G. I. Sarapulova, D.Sc. (Chem.) Thesis, A. E. Favorsky
Institute of Chemistry, Siberian Branch of the Russian Acad�
emy of Sciences, Irkutsk, 2004, 261 pp. (in Russian).

16. A. N. Egorochkin, M. G. Voronkov, O. V. Zderenova, and
S. E. Skobeleva, Izv. Akad. Nauk. Ser. Khim., 2001, 41 [Russ.
Chem. Bull., Int. Ed., 2001, 50, 43].

Received February 15, 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
    /Helvetica
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


