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Abstract—The particular features of the v(OH) absorption band of dimerswith a strong hydrogen bond (AH =
24-50 kcal/mol = 800017000 cm!/molecule) formed by molecules of phosphinic acidsR,POOH N, are stud-
ied in the gas phase, low-temperature argon and nitrogen matrices, and crystalline films. It is found that, irre-
spective of the type of the acid, the v(OH) IR absorption bands of dimers are broad (Av,, ~ 1000 cm™) and
similar in shape, exhibiting a characteristic ABC structure. The formation of these anomalously broad absorp-
tion bands is shown to be primarily associated with vibrations of the -POOH fragments, participating in the
hydrogen bonding. A change in the temperature in the range 12—-600 K and the passage from cyclic dimersin
the gas phase to helical chains with hydrogen bonds in the crystalline state cause no significant changes in the
shape, width, or structure of the dimer band. The contribution to the formation of the broad absorption band of
the (R,POOH), dimers made by anharmonic interactions between the high-frequency v(OH) vibration and the
low-frequency intermolecular vibrations is estimated. The absorption spectra of weak complexes
R,POOH...N, in matrices at 12 K are discussed. © 2005 Pleiades Publishing, Inc.

INTRODUCTION

A largewidth and a peculiar structure of the absorp-
tion band of the v(AH) stretching vibration of ahydro-
gen-bonded complex AH...B is one of the most com-
plex phenomena in spectroscopy of intermolecular
interactions, an exhaustive account of which has yet to
be offered. Certain progress has been made in recent
years only in the description of the shape and structure
of the bands of not-too-strong complexes B...HHal in
the gas phase [1-4], in which anharmonic interactions
between the high-frequency v(HH)al vibration and the
low-frequency intermolecular vibrations play a domi-
nant role, leading to the appearance of hot and combi-
nation transitions and to strong vibrational—rotational
interactions. For these systems, a satisfactory agree-
ment between the theory and experiment was obtained
interms of both semiempirical [5] and nonempirical [6]
models.

The analysis of the band shape of complexes whose
formation involves the participation of polyatomic pro-
ton donors —OH and —-NH is much more complex. The
most general factor determining, in one way or another,
the formation of the absorption band shapes of these
complexes is the resonance interaction between the
V(AH) stretching vibration of a hydrogen bond and the
vibrational modes of a proton donor. Models proposed
by different authors deal with particular systems and,

therefore, have alimited range of applicability [7-11].
The mgjority of these studies are devoted to the analysis
of the v(OH) band in complexes with the OH...O
bond; however, they do not have a universal character
since, even phenomenologically, the spectral properties
of hydrogen bridges of this type differ markedly from
the properties of other systems. In particular, it seems
that special attention is necessary in describing the
v(NH) band contour in molecular and ionic complexes
with the NH...B bond, whose structure is frequently
especially complex and branched [12-15].

Systematization of the results of measurements of
the vibrational spectra, structure, and thermodynamic
parameters of hydrogen-bonded systems made it possi-
bleto formulate empirical correlation relations between
their spectral, geometrical, and energetic characteris-
tics [16-19]. It was found that, with increasing hydro-
gen bond energy AH, the low-frequency shift of the
v(AH) band, as well as the integrated intensity and the
width (the second spectral moment) of this band,
increases. These relations were obtained on the basis of
data about weak and moderate hydrogen bonds, and
they, of course, play an important role in testing theo-
retical models. However, not all of these models were
obtained under conditions of minimal interactions with
the medium, i.e., in the gas phase, molecular beams, or
inert low-temperature matrices. At the same time, it is
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such experimentsthat are especially important in devel-
oping theoretical models. Furthermore, there are some
groundsto believethat, in the case of stronger hydrogen
bonds with agreater covalent contribution, these corre-
lation relations will be violated. In particular, adifficult
problem isthe analysis of the nature of the v(AH) band
contour in complexes with a strong hydrogen bond
whose energy approaches the energy of valence bonds
and that is classified as a three-center four-electron
bond. In such systems, the potential of the longitudinal
motion of a proton has two minima of similar depth,
with the height of the barrier between them being com-
parable to the energy of the zeroth vibrationa level.
Apart from the considerable anharmonicity, the spec-
tral parameters of the v(AH) band are affected in this
case by the delocdlization of a proton migrating
between two, generally nonequivalent, positionsin the
hydrogen bridge. Experiment shows that the structure
of such acomplex is very sensitive to external actions;
for example, both the vibrational spectrum of the
HalH...NH; complex in alow-temperature matrix and
the position of a proton in the complex change qualita-
tively in the series of matrix gases from neon to xenon
[20-23]. This means that, in constructing models,
experimental data obtained for one and the same sys-
tem in different conditions (from the gas phase to the
crystalline state) are of vital importance.

The strongest hydrogen bonds are observed in ion—
molecular complexes of the (AHA)~ and (BHB)* types
[24-26]; however, it is especialy difficult to study the
spectral properties of charged complexes under condi-
tions of weak interactionswith the medium, and, for the
time being, such studies arefew. In neutral systems, the
strongest hydrogen bonds of the OH...O type are
formed in self-associates of phosphinic and, seemingly,
arsonic acids [27-29], and it is only due to the high
thermal stability of these associates that one is able to
observe their IR spectra in the gas phase at tempera-
tures within 400-600 K, at which cyclic dimers arein
equilibrium with monomeric molecules [30—-33]. This
made it possible to perform direct measurements of the
energy of the hydrogen bond (AH = 12-25 kcal/mol per
bond) and to analyze the temperature dependence of the
contour of the v(OH) band, which serves as an impor-
tant criterion in the choice of theoretical models. The
parameters of this broad band and its shape turned out
to be amost independent of the bonding energy and
temperature. It can be noted that, even in the case of
carboxylic acids (AH = 6-8 kcal/mol per bond), upon
passage from the spectrain the gas phase at T ~ 300 K
to the spectra measured in molecular beams [34, 35]
and low-temperature matrices [36] at T ~ 10-12 K, no
significant narrowing of the dimer absorption band is
observed, athough the structure of this band noticeably
sharpens.

In this study, the IR spectra of three phosphinic
acids with different dimerization energies are measured
in the gas phase, crystalline films, and low-temperature
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matrices. The contours of the v(OH) band of dimersare
compared and analyzed in relation to the phase state
and temperature variation in the range 12—600 K.

EXPERIMENTAL

The absorption spectraof the phosphinic acidsinthe
gas phase were obtained using special gas cells adapted
for performing measurements in the temperature range
300-750 K. The acid concentration was equal to (0.6—
3) x 10~ M. In all the experiments, asample of the sub-
stance under study was placed in acell and then the cell
was evacuated to a pressure of ~10~> Torr, which was
determined by the vapor pressure above the solid sub-
stance, and sealed. The cell was placed into a copper
heater equipped with KBr windows. The design of the
system ensured temperature stability over time and vol-
ume within 1-2 K. Cels of two types were used:
(i) glass cells with welded sapphire windows 1.6 cmin
diameter; the low-frequency transmission limit of these
cellswas equal to v, = 1550 cm™!; (ii) glass cells with
MgF, windows 1.3 cm in diameter, which were
attached to the cells by means of ceramics. Thelow-fre-
guency transmission limit of these cells was v, =
1050 cm!. The path length of the cellswasin the range
from 5 to 8 cm. At high temperatures, the loss of sub-
stance in the cells of the second type was somewhat
greater; at the same time, with these cells, it was possi-
ble to conduct experiments at temperatures as high as
600 K. Most measurements were performed using the
cells with sapphire windows, with which we were able
to record the v(OH) absorption band of monomers and
the greater part of the absorption band in the range of
thev(OH) vibrations of dimers of the acids under study.

The spectra of the phosphinic acids (CH;),POOH,
(C¢Hs),POOH, and (CH,C1),POOH were obtained in
the temperature ranges 370-650, 450—700, and 400—
530 K, respectively. For each acid, the lowest tempera-
ture of the measurement range is determined by the
vapor pressure of thisacid at which its absorption spec-
trum can be reliably measured and the highest temper-
ature depends on the thermal stability of the acid. The
gas-phase experiments were described in detail in [30,
32].

The spectra of polycrystalline films of the acids
were measured in the temperature range from 80 to
300 K using a standard cryostat with KBr windows.
The vapor of the substance under study heated to
~400 K was condensed onto a Csl window cooled to
80 K. To remove inhomogeneous broadening from the
spectra, the crystalline films were annealed by heating
to 250-300 K. After annealing, only reversible temper-
ature changes were observed in the spectrain the range
80-300 K. The spectra of the gasand crystalline phases
were measured on a Bruker |FS 28 Fourier spectrome-
ter with aresolution of 1-2 cm™.
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Fig. 1. Absorption spectrum of (CgHs),POOH in (&, b) the
gasphaseat T = (a) 490 and (b) 560 K, (c) the solid phase
at T=100K, and (d, €) an argon matrix at T = 12 K. See
explanationsin the text.

The IR spectra of the phosphinic acids in low-tem-
perature (argon or nitrogen) matrices were measured
using an Air Products Displex 202A helium cryostat;
the experimental procedure was previously describedin
[37]. Solid samples were placed into stainless steel
ampoul es, which were evacuated and cooled to ~260 K.
In the course of the experiments, the vapor of the acid
under study and the matrix gas (M =Ar, N,), which was
supplied via a separate line, were simultaneously
deposited onto a gold-plated copper mirror at atemper-
ature within 12-15 K. The acids were evaporated from
the ampoules at temperatures within 295-300
((CH;),POOH), 320-360 ((C¢Hs),POOH), and 315-
335 K ((CH,CI1),POOH). Estimations show that, at
these temperatures, the relative concentration
R,POOH/M of the condensed mixtures varies in the
range 1/2000-1/200. The spectrawere recorded at T =
12 K on aBruker IFS 113v Fourier spectrometer with a
resolution of 0.5 cm!.
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RESULTS

The Shape of the v(OH) Band of the (R,POOH),
Dimersin the Gas Phase

On an increase in the temperature of the gas cell to
400450 K, the vapor pressure above the solid sample
increases and one can observe the broad v(OH) absorp-
tion band of dimers of phosphinic acids in the gas
phase. As an example, Fig. la presents the band of
dimers of (C4H;s),POOH recorded using the cell with
sapphire windows. Against the background of the broad
Vv(OH) band of dimers, located in the range 3500—
1100 cm!, relatively narrow bands associated with
fundamental and overtone transitions in the range of
framework vibrations of phosphinic acids are observed.
In the gas phase, the structure of the band of dimersis
characteristic of the band structure of strongly hydro-
gen-bonded dimers, which consists of the so-called A,
B, and C components (bands) [26, 28, 38—40]. At atem-
perature within the range 470490 K, the v(OH) band
of free molecules appears in the spectrum near
3645 cmL; theintensity of this band attainsamaximum
at a temperature of about 540-550 K, at which the
broad band of dimersvirtually vanishes (Fig. 1b). Inthe
temperature range 300-550 K, the changesin the spec-
trum are reversible; at T = 600 K, the acid begins to
pyrolyze. The high-temperature absorption spectra of
free molecules were used for separating the v(OH)
absorption band of dimers from the spectrum (Fig. 2).
Theenergiesof dimersAH of all theacids studied inthe
gas phase (which, on the whole, exhibit similar temper-
ature dependences of their absorption spectra) were
determined previously in [30, 32, 33] from the equilib-
rium constants of the dimerization reactions R,POOH
+ R,POOH == (R,POOH), (Table 1).

In the series of acids under study, the spectral char-
acteristics of the v(OH) bands of the monomers are
similar to each other. For (CH,CI),POOH,
(C¢H;5),POOH, and (CH;),POOH, the maximum of this
band is located at 3640, 3645, and 3650 cm™!, respec-
tively. In the case of thelatter acid, this band consists of
three strongly overlapped P, Q, and R rotational
branches and its full width at half maximum isequal to
35 cm~L. With increasing moment of inertiaof the acids,
the band of the monomer virtually loses its structure
and the half-width of this band decreasesto 25 cm™.

To describe the characteristics of the broad and
complex v(OH) band of dimers at different tempera-
tures, it is convenient to use the normalized spectral
moments: the first spectral moment

M7 = METS(V)VdV =V,

i.e., the center of gravity of the band v,,, and the second
spectral moment

M3 = Maljsw)(v—vo)zdv,
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Fig. 2. The v(OH) absorption bands of dimers of (a) (CH3),POOH, (b) (CH,C1),POOH, and (c) (C¢Hs),POOH. Curves: (/) thegas
phaseat T = (a) 530, (b) 450, and (c) 540 K; (2) the solid phase at T = 100 K; and (3) the Ar matrix at T = 12 K.

which characterizesthe effective half-width of the band
AV, =2,/M% . Here, Sv) = D)/{V[1 — exp(-v/T)]} is
the spectral function, where D(v) = logl /1 isthe opti-
cal density and T is the temperature expressed in cnr!,
and M, = [S(v)dv . The spectral moments were calcu-

lated after separating the bands in the range 4000—
1000 cm!. In this case, the weak wings of the dimer
band at v > 3500 cm! and v < 1100 cm! were extrap-
olated by exponential functions. The values of v, and

Av,,, obtained for al the studied systems in the gas
phase, solid samples, and low-temperature matrices are
presented in Table 1.

The Shape of the v(OH) Band of the (R,POOH),
Dimersin the Solid Phase

Figure 1c shows that the absorption spectrum of a
solid sample of (C¢H;5),POOH deposited in a vacuum
onto a Csl window at 80 K and annealed at 300 K is
similar to the spectrum of dimersin the gas phase and

Table 1. Center-of-gravity frequencies vy, effective half-widths Av,;, (cm™) of the spectral function S(v) of the v(OH) ab-
sorption band of dimers of phosphinic acids, and dimerization enthalpies AH (kcal/mol)

Gas phase Crystalline phase Ar matrix, T=12K
Acid AH, kcal/mol

T, K Vo Avyp T, K Vo Avyy Vo Avy

(CH3),POCH 242 520 2320 1100 200 2030 870 2080 800
450 2250 1050 100° 1920 750

(CH,CI),POOH 35 475 2150 1050 300 2060 960 2200 960
435 2130 1020 100° 2050 880

(CgHs),POOH 50 575 2310 1100 300 1980 870 2250 950
520 2250 1000 100° 1935 890

a3z, 34].

b After annealing.
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Fig. 3. Absorption spectra of the phosphinic acidsR,POOH
in the range of the band v(OH) = v, of free moleculesin
matrices a T = 12 K: (a8 (CH3),POOH/Ar,
(b) (CH3)2POOH/AI'/N2 (Nz/AI' = :USOO),
(c) (CH,C1),POOH/Ar, and (d) (CH,Cl),POOH/Ar/N,
(No/Ar = 1/400). Vo, is the v(OH) absorption band of the
R,POOH...N, complex.

that this spectrum also consists of the A, B, and C com-
ponents. The only difference between these spectrais
that the spectrum of the solid film at 100 K shows a
marked intensity redistribution: the low-frequency
C component of the v(OH) band of dimers consider-
ably increases. Such a shape of the absorption band of
associatesis characteristic of al theacids studied in the
crystalline phase (Fig. 2).

The Shape of the v(OH) Band of the (R,POOH),
Dimersin Low-Temperature Matrices

If the temperature T, of adeposited acid islow (T, =
20°C for (CH,),POOH, T, = 40°C for (CH,Cl),POOH,
and T, = 50°C for (C4H;5),POOH), the vapor pressure
above the solid sample of the acid islow and the dimer
concentration is also low; as a result, the absorption
spectrum of the R,POOH/Ar matrix at 12 K exhibits
mainly bands of free molecules. The absorption spec-
trum of free (C¢H;),POOH moleculesin an Ar matrix is

ASFIN et al.

shown in Fig. 1e. It exhibits arelatively intense v(OH)
band of the monomer located at v,, = 3632.6 cm™! and
several bands of internal vibrationsat v <1500 cm!. In
addition, a number of weak bands of water (3777.3,
3756.7, 3710.6, 1624.0, 1593.2, and 1589.3 cm!) and
CO, (2340 cmr!) are aso observed in this spectrum.
Figure 3 presents the absorption spectra of the phos-
phinic acids R,POOH in the range 3700-3500 cm.
The v(OH) bands of the (CH;),POOH and
(CH,C1),POOH monomers in the argon matrix are
located at the frequenciesv,,, = 3638.6 and 3627.5 cnm!,
respectively (Figs. 3a, 3c). In thisstudy, we did not ana-
lyze the framework vibrations of the phosphinic acids;
however, it should be noted that, in the case of dimeth-
ylphosphinic acid, the frequencies of these vibrations
for the (CH,),POOH/Ar matrix virtually coincide with
those measured previoudly in [41, 42] for this acid in
matrices.

As the effusion temperature T, increases, a broad
v(OH) band of the (R,POOH), dimers appears in the
spectra of low-temperature matrices. The intensity of
thisband, aswell astheintensities of the internal vibra-
tion bands and the v(OH) band of the monomers,
increases with T,. It is seen from Fig. 1d that the broad
band of dimers of (C,H;),POOH in the argon matrix at
12 K aso has the characteristic ABC structure and, on
the whole, its shape does not differ from the shape of
the dimer bands in the gas phase or in the crystaline
films. Moreover, Fig. 4 shows that the bands of dimers
of (CH;),POOH (Figs. 4a 4b) and (CH,CI1),POOH
(Figs. 4c, 4d) isolated both in argon and in nitrogen
matrices are also similar in shape. In low-temperature
nitrogen matrices, apart from the broad v(OH) absorp-
tion band of dimers, narrow bands of framework vibra-
tions and impurities of H,O (3727.2 and 1598.4 cm™)
and CO, (2348.6 cm™!) are also seen. The broad bands
of dimers(Fig. 2) were separated from the experimental
spectra using the spectra of free acid molecules.

The Shape of the v(OH) Band of Weak R,POOH...N,
Complexes in Low-Temperature Matrices

At low condensation temperatures, the spectra of
argon matrices with a small admixture of nitrogen
(Ny/Ar = 1/200-1/500) show the v(OH) absorption
bands of weak R,POOH...N, complexes. Figure 3b
shows the spectrum of the (CH;),POOH/Ar/N, matrix
in therange of the v(OH) absorption band of the mono-
mer. In the spectrum of this mixture, a narrow band
appears between the narrow v(OH) band of the mono-
mer located at v,,, = 3638.6 cm! and the band of the
H,O dimers observed at 3573.7 cmr!. The intensity of
this band increases with the N, concentration, and this
band can be attributed to the v(OH) vibration of the
(CH;),POOH...N, complex, with its frequency being
equal to v, = 3618.6 cm'. The low-frequency shift of
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thev(OH) band Av =v,,, — v, Can be used for the esti-
mation of the proton-donating ability of the OH group
of the phosphinic acids. In the case of (CH,Cl),POOH
and (C¢Hs),POOH, it is necessary to take into account
additional features of the spectral manifestations of the
formation of the R,POOH...N, complexes. First, inthe
spectra of these acids in argon matrices, the monomer
bands have distinct low-frequency wings (Fig. 3c), and,
second, the absorption arising due to the formation of
nitrogen complexes has a more complicated character
than in the case of dimethylphosphinic acid. The spec-
trum of the (C4Hs),POOH/Ar/N, matrix exhibits arela-
tively broad band of the (C¢Hs),POOH...N, complex,
whereas, in the spectrum of the system
(CH,C1),POOH/Ar/N,, in the absorption range of the
complex, four components are observed (Fig. 3d), the
relative intensities of which virtually do not depend on
the nitrogen concentration. Therefore, for the parame-
ter Av, it is expedient to use the shift of the center of

gravity M7 (com) of the v(OH) band of bound mole-
culeswith respect to the center of gravity M} (m) of the
V(OH) band of free molecules; i.e., Av = M7 (m) —
M7 (com). In the case of (CH;),POOH v,, = M7 (m)

and v, = M7 (com). Previoudy, the complicated
structure of the v(OH) absorption bands of formic acid
monomersand HCOOH...N, complexesin Ar matrices
was observed in [43]; the low-frequency shift of the
v(OH) band of this system was observed to be ~12 cm!.

Thevaluesof Av, M7} ,mdAvl,zzsz_g measured
for the v(OH) absorption bands of the monomers and
complexes R,POOH...N, of the acids studied are pre-
sented in Table 2. It is seen from thistable that the shift
of the OH band for the (CH;),POOH...N, complex is
equal to 20.3 cm!. In the case of the chlorine-substi-
tuted (CH,CI),POOH acid, this shift increases to
35cm™, and, for the (C¢Hs),POOH...N, complex, it
decreasesto 23 cm!. The proton-donating ability of the
R,POOH a&cids should vary in the same way. The
energy of the cyclic dimer with two hydrogen bonds
—OH...0O=P-, which depends both on the proton-
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Fig. 4. Absorption spectra of (a, b) (CH3),POOH and
(c, d) (CH,C1),POOH in (g, ¢) Ar and (b, d) N, matrices at
T=12K.

donating ability of the OH group and on the proton-
accepting ability of the P=O group, successively
increases from 25 to 50 kcal/mol. From comparing the
low-frequency shifts of the v(OH) band of the
R,POOH...N, complexes and the shifts of the v(AH)
band of the AH...N, complexes, which for the strong
proton donors AH=FH and transsHONO are equal,

Table 2. Center-of-gravity frequencies and the effective band widths Av,, (cm™) of the v(OH) absorption bands of the
monomers of R,POOH (M7 (m)) and their nitrogen complexes R,POOH...N, (M7 (com)) in Ar matrices at 12 K Avy,,

Av = M7 (m) — M7 (com)

Monomer Complex
Acid Av
MY (m) Avy, M7 (com) Avy
(CH53),POCH 3638.8(3) 1.6(7) 3618.5(2) 2.8(3) 20.3(5)
(CH,CI),POOH 3624.8(7) 9(2) 3589(1) 10(2) 35(2)
(CgHs5),POOH 3630.3(8) 13.5(9) 3607.5(3) 18(4) 23(1)
OPTICS AND SPECTROSCOPY Vol. 99 No.1 2005
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respectively, to 43.2 cm! [44] and 10.4 cm! [45], we
can conclude that the phosphinic acids belong to the
strongest proton donors.

DISCUSSION OF RESULTS AND MODEL
CALCULATIONS OF THE BAND CONTOUR

For al the acids under investigation, the spectral
functions S(v) of the v(OH) absorption bands of the
dimers of the acid molecules separated from the exper-
imental spectraof these acidsin argon matricesat 12 K,
in the gas phase at T = 460-520 K, and in crystalline
films at 100 K are presented in Fig. 2. The spectral
moments of these bands are summarized in Table 1.
The results obtained for dimers with different energies
inthewidetemperaturerange 12—600 K allow ustofor-
mulate some considerations regarding the formation of
the absorption bands of strongly hydrogen-bonded sys-
tems.

1. Upon formation of the (R,POOH), dimers of all
the phosphinic acidsin al the systems and in the entire
temperature range under consideration, broad v(OH)
absorption bands (one could say anomalously broad:
Av,,, ~ 1000 cm') arise, the centers of gravity of which
are shifted toward the low-frequency range by 1300—
1500 cm!. It is clear that such considerable tempera-
ture shifts of the v(AH) band are characteristic of very
strong hydrogen bonds. This is consistent with the val-
ues of the dimerization energies of R,POOH, which
were determined in [30, 32] to fall in the range 25—
50 kcal/mal (Table 1). In this energy range, the values
of the low-frequency shifts virtually do not vary with
increasing strength of the dimers.

2. For all the acids under consideration, the broad
dimer bands have the so-called ABC structure, which
was observed first in the spectra of strongly hydrogen-
bonded crystals [38—40]. For the dimers studied, we
were able to observe the ABC structure both in the gas
phase and in inert low-temperature matrices. Com-
monly, the appearance of valleys (windows) in the con-
tour of the broad absorption band of complexes is
attributed to Fermi resonance between the first excited
state of the v(OH) mode and the doubly degenerate
states of the bending vibrations of the hydroxyl group
2yOH and 280H [40Q]; i.e., the frequencies of the min-
ima observed can be associated with the frequencies of
overtones of bending vibrations. Note that, on the
whole, the positions of the maxima and minima of the
observed ABC structure depend weakly on the type of
the acid and the experimental conditions. The high-fre-
guency minima between the A and B components are
associated with the 200H transitions and, in the gas
phase, are observed at 2475, 2415, and 2400 cm! for
(CH5),POOH, (CH,CI),POOH, and (C¢H;),POOH,
respectively. The low-frequency minimabetween the B
and C components, related to the 2yOH transitions, are
located at 1905, 1850, and 1855 cm!, respectively.
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The quantitative analysis of the Fermi resonance in
these systems requires knowledge of the exact frequen-
cies of transitionsin the range of framework vibrations
of monomers and dimers of the phosphinic acids under
consideration. A reliable interpretation of their spectra
in thisfreguency range should be based on ab initio cal-
culations of anharmonic vibrational problems. To date,
the vibrational spectraof the monomer and the dimer of
(CH;),POOH [46] and the spectrum of the monomer of
its acid [42] have been calculated in the harmonic
approximation. In the first of these two studies, an
insufficiently complete set of atomic orbitals was used,
and, in the second investigation, the potential surface
was determined semiempirically. It seemsthat this may
be the reason for the considerable discrepancies in the
interpretation of the vibrational modes and calculated
frequencies even in the case of the monomer.

3. Theintensity distribution betweentheA, B, and C
components of the absorption band of adimer depends
primarily on the phase state of a substance. The band
shape depends only insignificantly on the type of the
phosphinic acid under study. Radical changes are
observed on passage from the gas phase to polycrystal-
line films. Asis seen from Fig. 2 (curves 2), the inten-
sity of the A, B, and C componentsin the spectraof the
annealed solid films is redistributed in favor of the C
component, with the shapes of the v(OH) absorption
bands of the dimers of all the acids being practically
identical. The effective half-widths of the bands in the
spectra of solid films decrease as compared to the
gases. It is obvious that the intensity redistribution in
favor of the low-frequency component in the spectra of
crystals leads to a low-frequency shift of the center of
gravity of the absorption band (Table 1). The spectra of
the low-temperature matrices (CH,Cl1),POOH/Ar and
(C¢H;),POOH/Ar differ little from the high-tempera-
ture spectra in the gas phase; for the (CH;),POOH/Ar
matrix, the absorption band of the dimer occupies a
position intermediate between its positions in the spec-
tra of the gas phase and the solid film.

We can attempt to relate the observed differencesin
the band shapes of the phosphinic acids in the gas and
crystalline phases to different structures of the associ-
ates in these systems. According to x-ray and neutron
diffraction data [47-49], in the crystalline phase, the
molecules of phosphoric acids form helical chains sta-
bilized by hydrogen bonds O-H...O=P. The distances
between oxygen atoms —O...0=, which characterize
the bond strength, were measured; in particular, it was
found that, in the CH;),POOH crystal, R, o=2.48 A.
Since [30], it has been assumed that, in the gas phase,
these molecules form cyclic dimers with two hydrogen
bonds. Experimentally, this assumption was confirmed
for dimethylphosphinic acid by the method of gas el ec-
tronography [50, 51]. It was also shown in these studies
that the distance between the oxygen atoms in the
cyclic dimer is equal to R, o = 2.69 A; i.e, itis
greater than in the crystal. Therefore, one may think
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that the hydrogen bonds in the crystal are stronger and
that it isthisfact that causes changesin the shape of the
absorption band. However, the measurement results for
the gas phase show that the increase in the energy of the
dimers (due to the formation of two hydrogen bonds) to
24 kca/mol for (CH;),POOH, to 35 kcal/mol for
(CH,CI1),POOH, and to 50 kcal/mol for (C4Hs),POOH
(Fig. 2; Table 1) has no significant effect on the position
or the shape of the v(OH) band of the hydrogen-bonded
molecules. Therefore, we are led to accept that the
observed changes in the shape of this band are prima-
rily related to changes in the structure of associatesin
polycrystalline films. The similarity between the spec-
tra measured in the gas phase and in the low-tempera-
ture matricesfollows from the fact that the low-temper-
ature matrices are obtained by condensation of gaseous
mixturesR,POOH/M at low temperatures. Notethat the
notion of a correlation between the length of a hydro-
gen bridge and the energy of the corresponding hydro-
gen bond was mainly developed on the basis of mea-
surements of R, 5 in crystals, for which the energy
cannot be directly measured.

4. Asfollows from our results, no radical changesin
the spectral characteristics of the v(OH) absorption
band of dimers occur in the temperature range 600—
12 K. Clearly, the spectral characteristics of the broad
band of dimers of these acids do exhibit some weak
temperature dependence. However, it takes place only
for the given phase state of the substance. Thus, in the
gas phase, one can note asmall decreasein the effective
half-width Av,, and an increase in the intensity of the
C component, which result in a low-frequency shift of
the center-of-gravity frequency v, with decreasing tem-
perature. In the crystalline state, the intensity of the C
component also increases with decreasing temperature
and, consequently, the frequency v, decreases[32, 33].
At low temperatures, the band structure becomes more
distinct (see aso Fig. 4), while the positions of the
absorption minima change little.

Our results allow us to state that, for all the phos-
phinic acids studied, irrespective of their type, the
v(OH) absorption bands of their dimers observed inthe
IR spectra are similar in structure and are very broad
(Av,, ~ 1000 cm!). This means that the mechanism of
formation of these bands should, first of dl, involve the
participation of the fragment -POOH, responsible for
the formation of the hydrogen bond. Insignificant
changes in the shape of the dimer band observed upon
passage from cyclic complexesin the gas phase to heli-
cal chains stabilized by hydrogen bonds in the crystal-
line state allow us to believe that the interaction of the
two intermolecular bonds O-H...O=P in acyclic com-
plex does not play a determining role in the formation
of the broad absorption band. Finally, the weak temper-
ature dependence of the width of the dimer band and of
its ABC structure in the temperature range 12—600 K
means that, upon formation of strong hydrogen-bonded
complexes, a number of temperature-independent
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vibrational transitions appear in the range 3500-
1500 cm!, which account for the structure and consid-
erable width of this band.

Numerous studies have attempted to account for the
observed width and structure of the v(OH) absorption
band of dimers of carboxylic acids [52-54]. Of special
interest in this respect is[11], in which the frequencies
and intensities of the vibrational transitions arising due
to resonance interactions between the first excited state
of the v(OH) mode of dimers and doubly excited or
combination states of the stretching C=0 and C-O and
bending OH vibrations were calculated. These calcula
tions made it possible to explain the structure of the
absorption band of the (CH;COOH), dimer. By anal-
ogy, one can suggest the occurrence of similar interac-
tions in the case of the (R,POOH), dimer; however, a
rigorous analysis of the structure of the anomalously
broad v(OH) band of the phosphinic acid dimers
requires the solution of an anharmonic vibrational
problem. There is little doubt that the interactions
between the v(OH) vibration and the low-frequency
intermolecular vibrations of the dimer should play an
important role in the formation of this band. The
remaining part of our study is devoted to the analysis of
the possible contribution from this mechanism.

5. Let us consider the basic features of the absorp-
tion that arises due to the interactions between the band
v(AH) = v(OH) = v; and the intermolecular low-fre-
guency vibrations v, of a complex (this mechanism is
involved in the formation of the absorption bands of
practically all molecular complexesin the gas phase). A
superposition of the fundamental v, transition and hot
and combination (in particular, sum and difference)
transitions involving the participation of low-frequency
vibrations results in the formation of the absorption
band of acomplex. To calculate this band, one needsto
know the frequencies and intensities of the transitions,
as well as the rotational structure of individual vibra-
tional bands. For complexes with a large moment of
inertia, each rotational—vibrational band can be approx-
imated by a ssimple Lorentzian (or Gaussian) contour.

Theintensities of the combination transitions can be
estimated in terms of a simple anharmonic model [4,
55], which assumes that, upon excitation of the v,
stretching vibration, the shift of the potential energy
minimum of the kth low-frequency vibration is propor-
tional to the parameter by, determined by the quantum-
mechanical amplitude of the low-frequency vibration.
For example, for the v, stretching low-frequency vibra:
tion, the parameter by = a,,5/w,;, where w; is the har-
monic frequency of the low-frequency vibration and
0,5 isthe cubic force constant in a power series expan-
sion of the potential energy in terms of the dimension-
less normal coordinates. In this case, the intensities of
the transitions (v, = 0, v;) — (1, v3), where v; and

v, arethevibrational quantum numbers of thev, mode
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in the ground state and in the excited v, state, are deter-
mined by integrals of the Franck—Condon type.

In the general case, the vibrational term of a com-
plex E(v,, V,, ..., V5), where v, is the quantum number
of the v, vibrational mode and v,—v, are the quantum
numbers of the low-frequency intermolecular vibra-
tionsv, (inthe general case, six new vibrational degrees
of freedom appear upon formation of a dimer), can be
represented in the form

E(Vqy Vy ...y V) = ool(vl+1/2)+x11(v1+112)2
7 (1)
+ ook(vk+1/2)+— Xem(V+ 1/2) (v, + 1/2).
2, 21
m=2

Here, w, and w, are the harmonic frequencies of the
vibrationsv, and v,, respectively, while X, X, and X,
arethe anharmonicity constants. Thev(OH) band of the
complex isasuperposition of the vibrational—rotational
bands of transitionsfrom thelevel E(v, =0, v,, ..., V;)

tothelevel E(1, v5, ..., v7). Thevibrational frequen-
cies of these transitions are given by

Lvy .., vy
0,vy ...,Vy

= E(L, V5 ...,v5)—E(0, vy, ...,V (2)

and the transition intensities are expressed as

Il vy, . v'7 l 1 vy, (
0,vy...,v; Z T 0 vy, . v7 0,vy ..., V5
1, vy, ., V!
_nl, v'z,...,v') 2, .,v77
In (3), Aisaconstant;
1vy, ...,
PO Vo, . E]Jl vy, . '7IPNJO, vz,...,v7|:| (4)

1, vy, ., VY P‘l PIk [ Vk+1
PO,VZ,...,V7 = —= Vie Vk+
ﬁkrl Z 5|0l 2

Here, P} and Pj, are the derivatives of the dipole
moment function with respect to the corresponding

dimensionless normal coordinates and D, ,, are the
Franck—Condon factors:
Duvi = [@(0* B9y, (G)da = (- -1)"""p,, ..
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is the matrix element of the dipole transition between
the corresponding vibrational levels;

Vy Vo VI

kt O

is the population of alevel; Z(T) is the statistical sum;
and T is the temperature. The formation of the absorp-
tion band involves the participation of the fundamental

n 0 exp%—

Vi Vo ooy Vo

transition (v, =0, v, =0, ..., v;=0) — (1,0, ..., 0),
aswell assum (0,0, ..., 0) — (1, V5, ..., v5), differ-
ence (0, v,, ..., vV;) — (1,0, ..., 0), combination (v, =

0, ey Vk= O, Vm¢ 0,
...), and hot transitions.

Dipole transition matrix elements (4) were calcu-
lated using the expansion of the dipole moment func-
tion in terms of the dimensionless vibrational coordi-
nates g, [55],

y—(1,..., v 20, v, =0,

7

P = Py+Piqg, + Z PL0k
K=2

&)

7
+(U2)Pgr+ Y Phcsdi+ (V2) z PlenCltln *
k=2 k,m=2
As wave functions ¢, , . of the given vibrational
state, products of the harmonic oscillator wave func-
tions @, (q,) withthe corresponding harmonic frequen-

cies were used. In this case, we assumed that, upon
excitation of the vibration v, = v(OH), the position of
the minimum of the potential well of the low-frequency
vibration v, changes by a dimensionless quantity
b(v,+ 1/2);i.e,

7

l-I-Jvlvz...v7 = (pvl(ql) |_| (pvk(qk + bk(vl + 1/2)) (6)
k=2

In this approximation, from (4)—6), we obtain

v
vk+l vk /\/7k vk—l vi(] rl Dv m Vm (7)
m¢k
At vy = v,, we have
2 1
Dy v, = exp(-b/4) v ivy
Vi 2m+vi—v t))
. z (_1)m%&|] k k 1 [ *
Z 1/ m(v,—m)! (v, — v, +m)!
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Applicability of the Model to the Description
of the Broad v(OH) Absorption Band

In order to apply the proposed model to the calcula-
tion of the absorption band contour, independent exper-
imental and calculational data on the frequencies w,
and w, of astrongly hydrogen-bonded complex, aswell
as on the anharmonicity constants x,,,, the parameters
b,, and the characteristics of the corresponding vibra-
tional—rotational contours, should be available. Unfor-
tunately, the literature does not contain data on the
interaction potentials for the phosphinic acid dimers,
which are necessary for the calculation of the quantities
Xm and by, or the derivatives of the dipole moment with
respect to the normal coordinates. Therefore, at this
stage of our investigation, it isworthwhile to consider a
simpler problem and to estimate the possible contribu-
tion from the mechanism under study to the formation
of the band contour of the strong H bond. To simplify
the problem, we can assume that, for the low-frequency
vibrations, X, =0 (k# 1, k# m) and P;, =0;i.e, the
electro-optical anharmonicity is neglected. Accord-
ingly, expressions (1) and (3) will become simpler and,
instead of (7), we will obtain
v 7

1, vy .., vy Pl

P =—=11D, ..

0,v,, ..., vy ,\/ékI:lz Vie Vi

The integrated intensity of the v(OH) band is equal to
the sum of theintensities of all the transitions:

lyony = z

Vi, ooy VY
Vi ooy Vg

€))

| 1, vy ., vy
0,Vy ...,Vy"

(10)

From (3) and (9), it follows that both the intensities of
theindividual transitions and the integrated intensity of
the entire band are proportional to (P} )?; therefore, the
intensities were calculated in terms of the relative units
I = /AP~

We estimated the absorption band characteristicsfor
the dimers of (CH;),POOH since it is this acid for
which the ab initio calculations of the vibrational fre-
guencies of monomers and dimerswere carried out [46,
51]. For this purpose, the following values of the calcu-
lated harmonic frequencies were used [46]: w, = 2893,
W, =394, w; = 368, w, = 243, and ws = 204 cm™!. Pre-
liminary calculations showed that taking into account
the low-frequency vibrations with w, = 26 and w, =
23 cmr! has virtually no effect on the effective width of
the dimer band. The parameters X, X, and b, were
determined from comparison of the experimental and
calculated contours using nonlinear multidimensional
optimization under the assumption that |x, | < 0.2w, and
0 < Xk < 0.2w,. As a rotational contour, we used a
Lorentz contour with a half-width of 3040 cm!.
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As was noted above, the ABC structure observed
can be associated both with the Evans windows in the
inhomogeneously broadened band [56] and with the
resonance interaction between the first excited state of
the v(OH) dimer mode and the doubly excited or com-
bination states of the stretching P=O and P-O and
bending OH vibrations. For this reason, it was worth-
while to clarify whether it is possible to describe the
formation of the entire broad dimer bond (Av,, ~
1000 cm™) and one of the components of the ABC
structure within the framework of the model under con-
Sideration.

Here, we will consider three variants of comparison
of the calculation results with experiment: (I) compari-
son of the integral characteristics (the spectra
moments) of the v(OH) band in the range 3500-
1000 cmr! for different temperatures, (I1) comparison
of the experimental and calculated band contoursin the
range 3500-1000 cm!, and (I11) comparison of the cal-
culated band contours with the contours of the sub-
bands obtained from the separation of the broad v(OH)
band into several components.

Variant 1. In fitting the parameters x, X, and by,
we minimized the sum of the squares of the differences

of the effective Av,, = 2,/M% , experimental Avy, ,

and calculated Ay half-widths of the v(OH) absorp-
tion band

2
®, = [AVIE(T.) —Aviy (To)]

2
+[Av(T,) —Aviy (T,)]

found at the temperatures T, = 12K and T, =460 K. In
the fitting process, the frequency w;, on the vaue of
which the center-of-gravity frequency of the entire v,
band depends substantially, was also varied. A satisfac-
tory agreement between the cal culation and experiment
was obtained for the following parameters: x,, = —65,
X33 = =01, X4y = 31, Xs5 = =22 CNT!, X, = 69, X5 = 65,
Xiu=11,%5=40cm!, b,=0.9,b;=1.6,b,=0.7, bs =
1.6, and w, = 2015 cm!. On the whole, this set of the
parameters seems to be reasonable; however, it should
be stressed that the parameters b, and by are overesti-
mated. Using theintermolecular vibrationswith thefre-
quencies w, = 394 cm! and w; = 368 cm! as an exam-
ple, one can gain someideaof theintensities of the sum

and differencetransitionsat T = 460 K (the values of B

are given in the parentheses: V;SSSS = 1869 cm!

1,1,0,0,0 1,0,0,0,0

(2.24), Voooo00 = 2240 cm! (1.23), Vo100 =

1570 cm! (0.28), Vggooo = 2481 cm! (0.30),
1,3,0,0,0

Vo200 = 1401 cmr! (0.03), and Vg oo o' = 2591 !

(0.04). However, athough the calculated and experi-
mental half-widths agree well with each other in awide
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temperature range, the calculated contour is far from
the experimental one.

Variant 1. In this case, we attempted to describe
the shape of the contour of the broad v(OH) band with
theABC structure at 530 K. Infitting the parameters x,,
X By, and the frequency w,, we minimized the func-
tion

o, = (1 Deo() __Deac(v) I,
’ IqDexp(v)dv [Deae(v)chi]

V;

where D,,,(v) and D.,.(v) are the current optical den-
sities of the experimental and calculated spectra,
respectively. The broad absorption band, which
describes qualitatively the observed intensity distribu-
tion (®, = 2.5 x 107) in the range 3500-1000 cm',
was obtained a X,, = —11, X33 = =14, Xy = -9, X5 =
-17cm!, X, =2.5,%5=0,%,=19,xs=22cm!, b, =
1.2, by = 1.1, b, = 0.9, bs = 1.2, w, = 2083 cm, and
X;; = =200 cnmr!. Thisset of the parameters enablesonly
qualitative description of the temperature behavior of
the spectrum in the range 500-12 K.

Variant I11. The v(OH) absorption band of dimers
of dimethylphosphinic acid in the gas phase a T =
460 K was separated into three subbands with close
half-widths, Av, , ~ 600 cm!, and maxima correspond-
ing to the maxima of the ABC structure located at v, =
2740 cmrt, v = 2240 cm?, and v = 1685 cm !, respec-
tively. As an example, we calculated the contour of the
A subband varying the parameters w,, Xy, X;, and b in
the frequency range 3500-1750 cnmr!. The frequency
w, can be considered to correspond to the harmonic
frequency of the transition occurring due to the reso-
nance interaction in the —POOH group. In the course of
the nonlinear optimization, the rms deviation ®,
between the calculated and experimental contours, the
integrated intensity of whichisequal to unity, was min-
imized. As aresult, a reasonable set of the parameters
was obtained (P, = 1.6 x 107%): w, = 2490 cm!, X, 5 =
3, Xpp =—49, X33 = —46, X4y = —30, X55 = =25, X, = 31,
Xa3 = 30, Xa4 = 14, X4s =5 cm!, b, = 0.45, b; = 0.55,
b, = 1.4, and b; = 1.13. It is obvious that, due to fairly
large (for the strong hydrogen bond) parametersb, = 1
[55], an appreciable number of combination transitions
areinvolved in the formation of the spectrum. Thus, for
w, =243 cm! (b, = 1.4), the following transitions con-

tribute to the spectrum (the val ues of | ) aregiveninthe

parentheses: Vg'o'0'0'o = 2538 cm™! (5.7), Vo'o'0'0'0 =
2741cm (6.0), Vo010 = 2348cm™ (3.1), Vg 0'g'0'0 =
2884cm (3.1), Vg 0'0's'0 =2220cm! (1.0), Vg 0000 =

1,0,0,0,0 _

2966 cmr! (1.0), and Vq'o' 030 = 2152 cmr? (0.3). For
smaller b,, the intensity of the combination transitions

ASFIN et al.

decreases markedly. Thus, for b, = 0.45, a noticeable
contribution is made only by the transition véj 3888 =
2859 cm! (I =0.97). This analysis shows that, in the
case of variant 111, the shape of the separated subband
can be described with the use of the set of plausible
parameters. Generaly, in our opinion, anharmonic
interactions between high- and low-frequency vibra
tions contribute considerably to the formation of the
absorption band of astrong hydrogen bond. Clearly, for
the comparison between the calculated and the experi-
mental contours to be unambiguous, one should solve
an ab initio anharmonic problem for the phosphinic
acid dimer and determine the quantities w, X, and X;;.
Then it is necessary to study the nature of the vibra-
tional structure of the band as awhole.

CONCLUSIONS

Our investigation of the v(OH) absorption band of
strongly hydrogen-bonded dimers formed by phos-
phinic acidsR,POOH in the gas and solid phasesand in
low-temperature matrices shows that these bandsfor al
the acids, irrespective of their type, phase state, and
temperature, are broad (Av,,, ~ 1000 cm™') and similar
in shape, exhibiting a characteristic ABC structure. Itis
demonstrated that the formation of such an anoma-
lously broad absorption band is primarily associated
with the -POOH fragment, involved in the hydrogen
bonding; the interaction between the two intermol ecu-
lar bonds O-H...O=P in acyclic complex plays virtu-
ally no rolein this mechanism of hydrogen bond forma-
tion. Finaly, the weak temperature dependence of the
width and the structure of the dimer band in the range
12-600 K means that, upon formation of strongly
hydrogen-bonded complexes, a number of vibrational
transitions appear in the frequency range 3500-
1000 cmr!, whose intensity weakly depends on the
temperature. All such transitions determine the struc-
ture and the half-width of the absorption band.

Within the framework of a model that takes into
account anharmonic interactions between the v(OH)
mode and the low-frequency intermolecular vibrations
v, of the complex, the intensities of the combination
transitions v(OH) + mv, are estimated. It is shown that,
using a set of reasonable spectral parameters, one can
describe the main features (first of all, the effective
half-width) of the observed dimer absorption band,
which, apart from the fundamental transition, isformed
asaresult of superposition of hot and combination tran-
sitions.
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