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Abstract

The molecular structure of the hydrogen bonded cyclic dimer of dimethylphosphinic acid (Me2P(yO)OH)2 was determined

by gas-phase electron diffraction (GED) at 433 K. The presence of monomer cannot be determined at this temperature within

the error limits for the GED method. Structural analysis was performed with consideration of non-linear kinematic effects at the

first-order level of perturbation theory (h1). The vibrational characteristics of internuclear distances were calculated from a

priori scaled quantum chemical (RHF/6-311G**) force field. The analysis aided by a constraint based on the RHF/6-311G**

calculations yielded the following rh1-parameters of the C2-symmetry dimer configuration: PyO 1.497(3); P–O 1.573(4); P–C

1.806(1) and 1.811(1) Å; (C–H)av. 1.109(3) Å; /O–PyO 120(1)8. Unlike PyO and P–O bonds, whose lengths in the gas phase

and in the solid state differ insignificantly, the –O· · ·Oy distance in the gas phase (rh1 2.81(4) Å) is considerably longer than in

the solid state (ra 2.48(2) Å). The latter is in accordance with the conclusion based on the IR spectra that transition from gas to a

solid sample leads to strengthening of the H-bonds. Due to its small contribution to the diffraction pattern, the donor O–H bond

length (rh1 0.99(1) Å) was forcedly bound up with the parameters of C–H bonds. With this assumption, the other geometrical

parameters characterizing the H-bond fragment have the following rh1 values: yO· · ·H 1.84(4) Å, /–OHO y 164(6)8, and

/P–O–H 117(4)8. Conformational flexibility of the non-planar eight-atom ring of the dimer is experimentally verified by

absence of any apparent peaks of the f ðrÞ curve at the r-region of more than 4.2 Å.
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1. Introduction

The first spectroscopic studies of phosphinic and

other phosphorus acids in solid state and solutions

showed [1–4] that these compounds are strongly
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associated on account of H-bond O–H· · ·OyP. The

experimental manifestations are typical of strongly H-

bonded adducts of carboxylic acids with amine,

phosphine, and sulphide oxides, as well as homo-

conjugated anions in some hydrogen dicarboxylates

and diphenolates (type B by the classification

suggested in Refs. [5,6]). According to the results of

X-ray and neutron diffraction analysis, in the crystal

phase these acids mainly form infinite spiral chains

[7–11] or, less commonly, cyclic dimers apparently

on account of steric difficulties with bulky substituents

at the P-atom [12–14]. The distances between the two

O-atoms of P–O–H· · ·OyP fragments are within the

range of 2.4–2.6 Å, which makes it possible to

classify the involved O–H· · ·O y H-bonds as short

and very short and, therefore, the strongest ones

formed by neutral molecules [15]. In some cases, the

lengths of two PO bonds and two OH distances in P–

O–H· · ·OyP fragment are so close, respectively, that

the position of the proton in the H-bridge may be

regarded as symmetric or near-symmetric [14,16–18].

These bonds can be treated as three-center four-

electron bonds of essentially covalent nature [15,19].

The study of 1H and 31P NMR spectra of the

solutions of dimethylphosphinic Me2P(yO)OH (1,

Fig. 1) and some other phosphorus acids in the freon

mixture at 100–140 K showed that under such

conditions an equilibrium exists between cyclic

dimers and trimers, the latter ones being energetically

more preferable [20]. The trimers become the only

form of association with temperature lowering. The

existence of cyclic trimers in solutions is a great rarity

and, apparently, it has never been observed for

carboxylic and organometallic acids earlier. This

phenomenon is probably related to the clear trend of

phosphorus acids in the crystalline state to form

infinite chains in contrast to carboxylic acids which

are crystallized mainly as cyclic dimers. In solutions

of phosphorus acids at room temperature, formation

of larger clusters than dimers was also detected

isopiestically [21]. It is pertinent to note that the

trimer cluster of acetic acid observed by mass

spectrometry consists of the cyclic dimer with the

third molecule connected by H-bond [22]. The

NMR proton signals of dimers and trimers of

phosphorus acids and dimers of carboxylic acids lie

within the same range of 12–14 ppm [20,23]. This

means that the correlation between proton chemical

shift and H-bond energy exists only for a narrow class

of compounds, even for H-bonds of the same type, in

this case O–H· · ·Oy. Besides, the bridge proton

chemical shifts in the 1H NMR spectra of adducts of 1

with nitrogen-containing bases, the largest one of

which for the adduct with the strongest quasi-

symmetric O· · ·H· · ·N bond amounts to ,14.5 ppm

[24], are considerably decreased in comparison with

the values of 19–21 ppm, which are characteristic of

the low-barrier O· · ·H· · ·N bonds formed by car-

boxylic acids [25,26].

The gas-phase IR spectra of phosphinic acids [27,

28] showed the existence of a characteristic shape of

the O–H stretching bands, which is typical of strong

H-bond. Due to a very strong tendency of phosphorus

acids to self-association, equilibrium between mono-

mers and dimers cannot be observed using vibrational

spectra of solutions in aprotic non-polar or low-polar

solvents at not very high temperatures [29], hence the

equilibrium constants and thermodynamic parameters

of dimerization could not be measured. Except for

Ref. [30], there are also no experimental data on

optical spectra and structures of monomers of

Fig. 1. The synCs (ES1) and anti Cs (ES2) conformations of

dimethylphosphinic acid (1) and equilibrium C2 conformation of

cyclic dimer of dimethylphosphinic acid (2): numbering of atoms

and charge distributions according to Mulliken calculated in the

RHF/6-311G** approximation.
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phosphorus acids and their protonodonor and proto-

noacceptor ability. Owing to high thermal stability of

phosphorus acids it has become possible to carry out

measurements of the gas-phase IR spectra of several

R2P(yO)OH and (RO)2P(yO)OH compounds within

the temperature range of 400–650 K, when the

equilibrium shifts noticeably towards monomers, and

to estimate the enthalpies of dimerization DH and

parameters of the n(O–H) bands of monomers and

dimers [27,31,32]. The found 2DH values of ,25–

50 kcal mol21 (12–25 kcal mol21 per each H-bond

O–H· · ·Oy of the cyclic dimer) are the highest among

the known enthalpies of the H-bonds formed by

neutral molecules and are comparable to bond

energies in classical valence structures. The 2DH

values for the adducts of halogeno-substituted deriva-

tives of acetic acid with amine and phosphine oxides,

which were determined from the IR and NMR spectra,

lie within the same energy range [33,34]. For 1, the

experimental 2DH value of 24 kcal mol21 [27,31]

has been well reproduced by the density functional

theory (DFT) method at the B3LYP/6-31 þ G** level

(23.2 kcal mol
21

) [35].

The characteristics of the n(O–H) bands in the IR

spectra of phosphorus acid dimers—the low-fre-

quency shift and increase in the integrated inten-

sity—are in significant disagreement with DH values

for these compounds since they are more typical for

the moderately strong H-bonds whose energies are of

about 7–15 kcal mol21. It also turned out that the

parameters and the shape of the broad bands hardly

depend on the H-bond energy, phase state (gas, low-

temperature inert matrix, solid phase), or temperature

[32–35], unlike the carboxylic acid dimers. Further

experimental studies of peculiar manifestation of the

H-bonds formed by the PyO group should provide

deeper understanding of the nature and physicochem-

ical manifestations of strong non-valent interactions.

The existing notions of H-bond geometry are based

mainly on the results of X-ray and neutron diffraction

studies in the solid phase. However, upon crystal

formation the molecular packing requirements (maxi-

mum area of van der Waals contacts) often cannot be

met simultaneously with the optimal arrangement of

the AH and B fragments providing the largest energy

of the AH· · ·B H-bond. Then the geometry of H-bond

in the crystal is different from those in the gas phase or

solutions leading to the formation of bent, extended,

bifurcated H-bonds. Sometimes unusual and inexplic-

able situations occur. For example, the neutron

diffraction study [18] showed a peculiar temperature

behaviour of a complex phosphoric acid–urea. At

heating within the temperature range of 100–335 K, a

short H-bond P–O·H·OyC (the O· · ·O distance of

2.41 Å) with the proton located somewhat closer to

the O-atom of urea becomes almost symmetrical

despite the increase of the O· · ·O distance. Wilson

[18] attributes this to the effect of slightly altering

molecular environment. The structure of hydrogen

difluoride anion with similar F· · ·F distances can be

different in crystals with different cations again due to

interaction with the environment [36]. Also the reason

for the noticeable difference between the results of X-

ray [17] and neutron diffraction [12] studies of di-tert-

butylphosphinic acid cyclic dimer structure is unclear.

Therefore, structural studies in the gas phase are

especially valuable for establishing the dependence of

the geometrical parameters characterizing strong H-

bond on the properties of interacting molecules. In a

number of cases such studies by the microwave

spectroscopy method with application of additional

data gave valuable information concerning location of

nuclei in the H-bridges [37–40]. The gas-phase

electron diffraction (GED) method was applied for

the determination of dimer structure of simplest

carboxylic acids [41–44]. However, after those

articles no other publications on the GED studies of

structures with strong H-bonds have appeared. In our

work, the GED study of the cyclic dimer of

dimethylphosphinic acid (Me2P(yO)OH)2 (2, Fig. 1)

has been performed, and the parameters of the gas

phase and solid state associates of 1 as well as the H-

bond parameters of the carboxylic acid dimers are

compared.

2. Scheme of joint use of gas-phase electron

diffraction, quantum chemical, and a priori

spectroscopic data

The complexity of molecular structure of dimer 2

hampers its reliable definition with the use of the GED

data alone. To receive additional information, we

performed quantum chemical calculations (with the 6-

311G** basis set) for monomer 1 by the restricted

Harthree–Fock (RHF) method and with inclusion of
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electron correlation at the second-order level of

Möller–Plesset perturbation theory (MP2), and for

dimer 2 by the RHF method. The symmetry and some

structural characteristics of the H-bonds and methyl

groups of dimer 2 obtained by calculation were used

as fixed parameters in constructing molecular model

for the GED analysis. The calculations of monomer 1

illustrate structural changes accompanying dimeriza-

tion. We also obtained the potential function of

internal rotation for the hydroxyl fragment, whose

shape characterizes energetical steadiness of the

equilibrium conformation of molecule 1. This is of

certain significance for explaining the facility of

dimerization.

The calculations of mean vibrational amplitudes,

vibrational corrections, and centrifugal distortion

corrections for internuclear distances of dimer 2

were performed on the base of scaled quantum

chemical force field. In the absence of entire

experimental vibrational spectrum, at this stage we

used the scale factor values that had been found earlier

for a series of related oxygen-containing P-com-

pounds by fitting the calculated vibrational frequen-

cies to the experimental ones [45–49]. Since the

results of scaling procedure (force constants and

vibrational frequencies) are obtained before carrying

out the spectroscopic experiment, we call them a

priori, thus following the authors of Ref. [50].

3. Experimental and calculation procedures

A commercial sample of dimethylphosphinic acid

(Aldrich Chemical Company) was used for the

experiment after recrystallization from benzene. The

electron diffraction patterns were obtained on a

modified apparatus EG-100 M with the use of an

accelerating voltage of 50 keV and two nozzle-to-

plate distances of 375 (LD) and 169 mm (SD), at

temperature of 433 K. The electron beam wavelength

was determined using the diffraction patterns from

benzene. From each nozzle-to-plate distance four

photoplates exposed by diffraction of the vapour of 2

were used for the structural analysis. The optical

densities of the electron diffraction patterns were

measured on a MFS-12000CX scanner, which was

calibrated by the photometric wedge. The primary

processing of the scanned information (search for

the centre of diffraction pattern and transformation of

the two-dimensional complete scattering intensity

ITðx; yÞ into one-dimensional ITðsÞÞ; was carried out

according to the technique described earlier [51].

From the obtained data the averaged curves ITðsÞ with

the step Ds amounting to 0.125 (LD) and 0.25 Å21

(SD) were calculated. Initially, the background lines

IBðsÞ were plotted using the results of quantum

chemical calculations of the molecular structure of

dimer 2. Then, they were corrected in the course of the

analysis. The averaged curves ITðsÞ and the final

versions IBðsÞ are given in Fig. 2.

Structural parameters of dimer 2 were refined

by the least-squares processing of the experimental

molecular scattering intensity curves sMexpðsÞ (Fig. 3)

with identity weight matrices. Ranges of the useful

molecular intensities were 4.0–16.25 (LD) and 13.0–

35.25 Å21 (SD). The theoretical molecular scattering

intensities sMtheorðsÞ were calculated using complex

scattering factors [52]. The cubic anharmonicity

constants, a3ðijÞ; for bonds PO, PC, OH, and CH

were set equal to their values for diatomic molecules

(2.101, 1.878, 2.332, and 1.980 Å21, respectively,

[53]). For the distances between the non-bonded

atoms, these constants were set to zero.

Normal-coordinate analysis of the dimer 2

vibrations was carried out with the use of a priori

scaled harmonic force field calculated at the RHF/6-

311G** level. The matrix of the second total

energy derivatives with respect to Cartesian atomic

Fig. 2. Experimental total scattering intensity ITðsÞ and background

intensity IBðsÞ curves for cyclic dimer of dimethylphosphinic acid

(2) obtained at nominal long (LD) and short (SD) camera distances.
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displacements, obtained from the RHF level calcu-

lations, was transformed into complete system of

linearly dependent internal coordinates. In this case

the solution of vibrational problem gives the perfect

depiction of all vibrational modes [54]. The scale

factors Ci obtained previously for related compounds

by fitting the calculated frequencies to those of

experimental vibrational spectra [45–49] were intro-

duced for the ith groups of internal coordinates {m}

responding to the motions, which are close in physical

sense. The values of the used scale factors lay within

the interval 0.8–1.0. The quantum chemical force

constant matrix Ftheor was modified according to the

formula

Fscaled
mn ¼ ðCmCnÞ

1=2Ftheor
mn : ð1Þ

For the H-bonded compounds, scaling of the

quantum chemical force constant matrices Ftheor has

not been performed up to the present. Therefore, when

the ith internal coordinates correspond to the motions

in fragments containing a H-bond we assumed the Ci

factor values to be equal to 0.8, since this value is the

most generic in the case of the used RHF level

calculations.

The mean vibrational amplitudes uij;h1 and

harmonic corrections dvib
ij;h1 were calculated at the

first-order level of perturbation theory (h1) [55,56]

taking into account local centrifugal distortions due

to intramolecular motions [57,58]. The centrifugal

distortions due to the overall rotation of the dimer

ðdrot
ij Þ were calculated according to Iwasaki and

Hedberg [59]. The contributions of cubic anharmo-

nic terms of Taylor expansion of the potential

function, dvib
ij;anh1 were estimated using the solution of

the equations of motion for molecular system at the

first-order level of perturbation theory (anh1) [60].

The diagonal cubic expansion terms corresponding

to stretching vibrations were calculated as hkkk ¼

23fkkaðkÞ
3 ; where fkk-is the relevant diagonal quad-

ratic expansion term and aðkÞ
3 —is the cubic anhar-

monicity parameter in the diatomic approximation

[53]. All the other cubic expansion terms were set

equal to zero. The introduction of corrections to the

electron diffraction parameters ra; which are argu-

ments in the molecular scattering intensity

expression, was fulfilled in accordance with the

first-order perturbation theory:

rij;a þ u2
ij;h1=rij;e ¼ rij;g ¼ rij;e þ dvib

ij;h1

þ dvib
ij;anh1 þ drot

ij : ð2Þ

Structural analysis of the GED data was

performed using the KCED-25 program [61]

adapted for IBM-compatible PC at the Electron

Diffraction Team of the L.Eötvös Budapest Uni-

versity (Hungary) and modified at the M.V.

Lomonosov Moscow State University (Russian

Federation). Quantum chemical calculations were

carried out on an HP735 Work Station computer

using the GAUSSIAN-92 program package [62] at

the Littoral University (Dunkirk, France). Spectro-

scopic calculations were performed using the

SHRINK (updated 2002 version) program package

[55,56].

4. Quantum chemical calculations

4.1. Structure and internal rotation of monomer

of dimethylphosphinic acid

The carried out calculations of molecule 1
showed that its most stable form is characterized by

Cs symmetry with syn-arrangement of the O–H bond

relative to the PyO bond (syn-Cs; Fig. 1). The

configuration of Cs symmetry with anti-arrangement

Fig. 3. Experimental sMexpðsÞ (points) and theoretical sMtheorðsÞ

(solid) curves of the molecular scattering intensity and the

difference curves (D) for cyclic dimer of dimethylphosphinic acid

(2) obtained at nominal long (LD) and short (SD) camera distances.
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of the bonds under consideration also corresponds to

the minimum of total energy (anti-Cs; Fig. 1), which,

however, is located 5–6 kcal mol21 higher in com-

parison with the syn-Cs form. As seen from Table 1,

the difference between geometrical parameters of two

equilibrium forms is not large. The parameter most

sensitive to the effect of steric factors is the valence

angle P–O–H, whose magnitude in two equilibrium

forms differs by 3–4.58 depending on the calculation

method (RHF or MP2.). The changes of the rest of

parameters do not exceed 0.01 Å in the case of bonds

or 28 in the case of valence angles. Fig. 1 shows the

distributions of Mulliken atomic charges found by

the RHF calculation for both equilibrium confor-

mations of 1. As it is seen, the change of charges upon

internal rotation is insignificant. It should be noted

that the MP2 calculation gave the charge distribution

virtually coinciding with the RHF results. At the RHF

level, geometrical parameters and Mulliken charges

for 1 close to those we obtained were calculated in

Ref. [63]. The dipole moment value estimated in Ref.

[63] by several empirical parametrization methods

(2.75–2.84 D) is somewhat smaller than that pre-

dicted by our RHF and MP2 calculations (3.20–

3.24 D, Table 1). However, the difference between

them approaches the 10% error limit within which

Table 1

Geometrical parameters, dipole moments and energy characteristics of equilibrium structures (ES1 and ES2) and transition state for internal

rotation (TS) of dimethylphosphinic acid Me2P(yO)OH (1) at different calculation levels

Parameter RHF/6-311G**

(this work)

MP2(full)/6-311G**

(this work)

B3LYP/6-31

þ G**a

ES1 (syn Cs)

ES1 (syn Cs) TS (C1) ES2 (anti Cs) ES1 (syn Cs) TS (C1) ES2 (anti Cs)

Bond length (Å)

PyO 1.460 1.453 1.453 1.486 1.479 1.478 1.497

P–O 1.603 1.603 1.603 1.631 1.631 1.630 1.647

P–C 1.801 1.803, 1.809 1.806 1.800 1.803, 1.809 1.806 1.820

O–H 0.944 0.941 0.942 0.962 0.959 0.961 0.969

C–H 1.084 1.084, 1.085 1.084 1.091 1.092, 1.092 1.092

C–H0 1.084 1.085, 1.086 1.086 1.091 1.092, 1.093 1.093

C–H00 1.084 1.084, 1.084 1.084 1.092 1.091, 1.091 1.092

Bond angle (8)

O–PyO 112.9 112.9 111.9 114.1 113.3 112.1 113.4

C–PyO 114.8 113.9, 114.2 114.3 115.4 114.4, 115.0 115.0

C–P–O 103.1 103.8, 104.1 104.4 102.1 103.3, 103.4 103.8

C–P–C 106.9 107.0 106.7 106.0 106.3 105.9 106.8

P–O–H 112.9 118.0 117.2 109.1 113.6 112.4 100.0

P–C–H 108.7 108.2, 108.8 108.4 108.6 108.1, 108.8 108.3

P–C–H0 111.1 111.7, 112.3 112.2 110.8 111.6, 112.2 112.0

P–C–H00 109.6 109.7, 109.2 109.5 109.6 109.8, 109.2 109.6

Dihedral angle (8)

H–O–PyO (w) 0 143.3 180 0 142.9 180 0.04

H–C–PyO ^55.2 59.2, 257.9 ^57.9 ^55.1 60.1, 258.0 ^58.8

H0 –C–PyO ^175.3 ^179.2 ^178.6 ^175.0 180.0, 2179.3 ^179.2

H00 –C–PyO ^63.5 259.1, 60.0 ^60.3 ^63.7 258.2, 59.9 ^59.5

Dipole moment (D) 3.20 5.92 6.12 3.24 6.06 6.27

Total energy E (a.u.)

2(E þ 570) 0.409837 0.400819 0.401119 1.438919 1.430341 1.430792 2.31306

ZPEb (a.u.) 0.100307 0.099713 0.100062 0.095800 0.095242 0.095669 0.09402

a From Ref. [35].
b Zero point vibrational energy.
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the empirical methods, as shown in Ref. [63],

reproduce experimental dipole moments.

Earlier [64], when comparing the results of

quantum chemical calculations for some derivatives

of oxo-and aci-tautomers of H3PO with experimen-

tal data in the gas phase, we came to the

conclusion that MP2 method using the polarization

split-valence-shell basis sets overestimates PyO and

P–O bond lengths by 0.03–0.04 Å and under-

estimates the magnitude of P–O–H and P–O–C

valence angles by ca. 38. At the same time, the

RHF calculations with the use of analogous basis

sets give better agreement with the experiment for

this class of compounds. The same conclusion may

be drawn from the results of the RHF and MP2

calculations on series of oxygen-containing P-

compounds in Refs. [65,66].

In relation to the problem of dimerization, a more

detailed consideration of internal rotation around P–

O bond of molecule 1 is of interest. The energy

effects of isodesmic processes, to which internal

rotations also belong, as a rule, are satisfactorily

described by Hartree–Fock calculations due to a

relatively small change of electron correlation

contributions [67]. The potential function of this

motion given in Fig. 4 was calculated at the RHF/6-

311G** level with full optimization of geometrical

parameters apart from the rotation angle w (i.e.

dihedral angle H–O–PyO, Table 1), whose value

was fixed with the step 108. It is characterized by a

deep minimum corresponding to the syn-Cs form

with a transition barrier of ,5.5 kcal mol21 and a

considerably less deep minimum in the case of anti-

Cs conformation with a barrier of less than

0.2 kcal mol21. Declivity of the potential curve

shape in the region of the minimum corresponding

to the syn-Cs form testifies to possibility of a large-

amplitude torsional motion. Within the interval of w

angle values between 2508 and þ508 the changes

of total energy amount to about 1 kcal mol21.

Similar rotational profiles for the H –O– PyO

torsion of 1 were obtained by RHF, MP2 and

MM3 methods in Refs. [65,66].

4.2. Structure of cyclic dimer of dimethylphosphinic

acid

The RHF/6-311G** calculations we performed,

unlike the data in Ref. [35], showed that the

equilibrium form of dimer 2 (Fig. 1) has a second-

order symmetry axis and corresponds to the point

group C2: This conclusion is particularly essential

for carrying out structural analysis of the GED data,

since it allows us to decrease the number of

molecular model parameters under refinement. At

the same time, as it should have been expected, the

eight-membered cycle of dimer 2 is characterized by

significant conformation flexibility. Thus, according

to our RHF/3-21G calculations, the total energy

difference between the equilibrium conformation

(C2 symmetry) and plane ring structure (C2h

symmetry) only equals to about 0.5 kcal mol21.

The change of Mulliken atomic charges upon

dimerization obtained by the RHF calculations

(Fig. 1) conforms to some shift of electron density

from the hydroxyl hydrogen in one of the monomer

fragments to the oxygen of the PyO group in

another monomer fragment of 2. The calculated

dipole moment of dimer 2 (1.37 D) is very close to

the value of 1.28 D found experimentally for the

cyclic dimer of di-tert-butylphosphinic acid in

benzene solution [29].

From the comparison of geometrical parameters

calculated by the RHF method for monomer 1

(Table 1) and dimer 2 (Table 2), it follows that

dimerization leads to elongation of the PyO bond

Fig. 4. Potential curve for internal rotation about the P–O bond in

dimethylphosphinic acid (1) and barrier heights for its syn Cs (ES1)

and anti Cs (ES2) conformations calculated at the RHF/6-311G**

level taking intoaccount the geometry relaxationeffects (seeTable1).
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(by ,0.02 Å) and donor bond O–H (by ,0.03 Å).

Simultaneously, the single bond P–O becomes

shorter by more than 0.03 Å. The O–PyO and P–

O–H angles in the cyclic system of dimer 2 are

increased by 1.5 and 2.58, respectively. The nonzero

dipole moment value specifies non-planarity of the

eight-atom ring in the equilibrium conformation. At

the same time, the O–PyO· · ·H fragment is virtually

planar (its dihedral angle amounts to 18only). The

H–O–PyO dihedral angle is equal to less than 308.

Thus, as follows from the foregoing discussion, the

dimerization-related O–H bond torsion compared

with the most stable syn-Cs conformation of

monomer 1 does not require great energy

expenditure. The atoms of O–H· · ·O H-bond make

up an angle of about 1688 thus showing non-

linearity of this fragment.

The dimerization energy of dimethylphosphinic

acid is calculated in the RHF/6-311G** approximation

with the use of total energy values E for the stable

conformations of monomer 1 (syn-Cs symmetry) and

dimer 2 (C2 symmetry) given in Tables 1 and 2, as

DE ¼ 2E(monomer) 2 E(dimer) ¼ 23.9 kcal mol21

(21.9 kcal mol21 taking into account of zero-point

vibrational energies). This value shows good agree-

ment with the data given in Introduction. It exceeds

about 1.5 times similar estimates for formic and acetic

acids obtained in Ref. [68].

Table 2

Geometrical parameters, dipole moments and energy characteristics of the cyclic dimer of dimethylphosphinic acid (Me2P(yO)OH)2 (2) at

different calculation levels

Parametera RHF/6-311G**

(this work)

ES (C2)

B3LYP/6-31 þ G**b ES

(C1)

Parametera RHF/6-311G**

(this work)

ES (C2)

B3LYP/6-31 þ G**b

ES (C1)

Distance (Å) Dihedral angle (8)

P1yO3 1.477 1.519 O3yP1· · ·P2yO5 176.9

P1–O4 1.570 1.597 O4–P1· · ·P2–O6 138.2

P1–C9 1.798 1.816 O3yP1· · ·P2–O6 222.4

P1–C10 1.802 1.822 C9–P1· · ·P2–C12 221.3 217.7

O4–H7 0.969 1.019 C9–P1· · ·P2–C11 156.6

C–H av. 1.084 C10–P1· · ·P2–C11 225.4 218.0

O3· · ·O6 2.657 2.571 H7–O4–P1yO3 28.3 26.2

O3· · ·H8 1.702 1.555 O4–P1yO3· · ·H8 1.1

P1· · ·P2 4.171 P1yO3· · ·H8–O6 227.6

Bond angle (8) O3· · ·H8–O6–P2 10.7

C9–P1yO3 113.4 H13–C9–P1yO3 58.0

C10–P1yO3 111.7 H14–C9–P1yO3 177.7

C9–P1–O4 103.2 H15–C9–P1yO3 260.9

C10–P1–O4 106.1 H16–C10–P1yO3 260.3

C9–P1–C10 107.4 107.2 H17–C10–P1yO3 58.5

O4–P1yO3 114.4 115.2 H18–C10–P1yO3 2179.9

P1–O4–H7 115.1 114.2

P1yO3· · ·H8 134.0 Dipole moment (D) 1.37

O3· · ·H8–O6 167.7

P1–C9–H13 108.5

P1–C9–H14 110.8 Total energy E, a.u. 21140.857784 21144.66116

P1–C9–H15 109.8

P1–C10–H16 108.5

P1–C10–H17 110.0 ZPEc, a.u. 0.203903 0.19027

P1–C10–H18 110.9

a For numbering of atoms, see Fig. 1.
b From Ref. [35].
c Zero point vibrational energy.
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5. Spectroscopic calculations

5.1. A priori force field and vibrational spectrum

of cyclic dimer of dimethylphosphinic acid

In Table 3, there are diagonal elements of a priori

scaled harmonic force field Fscaled of dimer 2

calculated in the excessive system of internal

vibrational coordinates. The force field made it

possible to obtain plausible estimates of frequencies

and potential energy distributions for the majority of

normal vibrations (Table S1), in the first place of those

related to the low-frequency region of the spectrum,

which make the most significant contribution to the

calculated mean amplitudes and vibrational correc-

tions. Many vibrations, in particular, the methyl group

torsional modes (with frequencies at ,185 –

215 cm21) are essentially pure modes. In accordance

with our calculation, the frequencies of stretching

vibrations of – H· · ·O y H-bonds (,130 and

155 cm21) as well as of one deformational

(,125 cm21) and three torsional (,15–45 cm21)

vibrations of the eight-membered ring fragment

comprising these bonds should correspond to

the most low-frequency bands of the dimer 2

spectrum. In the case of the torsional vibrations

large-amplitude intramolecular motions are probable.

5.2. Mean amplitudes, vibrational corrections, and

centrifugal distortion corrections for internuclear

distances of cyclic dimer of dimethylphosphinic acid

The scaled force field allowed to calculate in a

quite good approximation mean amplitudes uvib
ij;h1;

harmonic and anharmonic vibrational correc-

tions dvib
ij;h1 and dvib

ij;anh1 and centrifugal distortion

corrections drot
ij ; for the internuclear distances in

dimer 2 (Tables 4, 5 and S2). Methyl group torsional

modes often represent the large-amplitude motions.

The use of the small-amplitude approximation for

calculating uij;h1 and corrections, even at the h1

level, is insufficient for correct description of methyl

group torsional motions in 2 and leads to substantial

errors. For this reason, the rather characteristic

methyl group torsional modes were not taken into

account.

The contributions of local centrifugal distortions

[57,58] do not only determine in full the harmonic

dvib
ij;h1 corrections for bonds, but also constitute not less

than a half of the parameter values for the majority of

non-bonded distances of dimer 2. For some distances

exceeding 4 Å, which involve C atoms of the methyl

substituents, the calculated dvib
ij;h1 magnitudes reach

several tenths of an angstrom unit, which testifies to

evident inadequacy of the used small-amplitude

vibration approximation in these cases. For the same

distances the mean amplitudes calculated at the level

of the first-order perturbation theory (uij;h1; Table 4)

exceed 1.5–2.5 times their values in the conventional

approximation of small-amplitude vibrations (uij;h0

[69,70]). All this is an evidence of high flexibility of

the dimer 2 molecular system. The anharmonic

corrections for internuclear distances dvib
ij;anh1 are

considerably less in comparison with dvib
ij;h1:

Non-linear kinematic effects were found to have

little influence on the vibrational parameters for the

O–H and O· · ·H distances characterizing the H-bond,

namely the maximum increase in the uij;h1 parameters

compared to those calculated in the conventional

approximation (uij;h0 [69,70]) for both distances just

does not exceed 0.01 Å at the GED experiment

Table 3

The a priori scaled RHF diagonal force constants for the cyclic

dimer of dimethylphosphinic acid (Me2P(yO)OH)2 (2, C2 sym-

metry) in redundant set of internal vibrational coordinates

Instance of

internal coordinatea

Force

constantb
Instance of

internal coordinatea

Force

constantb

P1yO3 str 7.24 P1–O4–H7 bend 0.45

P1–O4 str 5.38 P1yO3· · ·H8 bend 0.48

O4–H7 str 5.96 O3· · ·H8–O6 bend 0.29

O3· · ·H8 str 0.33 P–C–H bend 0.39

P1–C9 str 3.50 H–C–H bend 0.41

P1–C10 str 3.44 P1–O4 tors 0.09

C–H str 4.91 O4–H7 tors 0.04

C–PyO bend 0.85 H7· · ·O5 tors 0.04

C9–P1–O4 bend 1.03 O5yP2 tors 0.04

C10–P1–O4 bend 0.97 P1–C9 tors 0.07

C9–P1–C10 bend 0.87 P1–C10 tors 0.08

O4–P1yO3 bend 0.71

a Here and after the following notations are used: str, stretching;

bend, bending; tors, torsional which is defined as the sum of the

motions in the tetraatomic fragments. The numbering of the atoms is

shown in Fig. 1.
b The force constants of stretching vibrations are given in mdyn

Å21 and those of all types of deformation vibrations are given in

mdyn Å.

L.S. Khaikin et al. / Journal of Molecular Structure 658 (2003) 153–170 161



temperature of 433 K. This provides an indirect proof

[71] that the used small-amplitude harmonic approach

at the first-order level of perturbation theory is

sufficient for reliable characteristics of the structure

of fragments containing H-bond. The dvib
ij;h1 and dvib

ij;anh1

corrections for O–H bond are not large and have

opposite signs, i.e. their combined contribution to the

length of this distance is small. In contrast to this, the

influence of both types of corrections on the O· · ·H

distance is great, since they have equal signs and their

magnitudes are much larger than those for the O–H

bond.

6. Structural analysis of electron diffraction data

The number of peaks of the experimental radial

distribution curve f ðrÞ (Fig. 5) is considerably less

than that of the internuclear distances determining the

molecular structure of dimer 2. It is practically

Table 4

Results of the analysis of gas-phase electron diffraction data (T ¼ 433 K) for cyclic dimer of dimethylphosphinic acid (2, C2 symmetry) using

the small-amplitude harmonic vibration approximation with consideration of non-linear kinematic effects at the first-order level of perturbation

theory (h1)

Parametera ra rh1 2 ra rh1 ucalc
h1 uvaried

h1 Parametera rh1

Bond length (Å) Bond angle (8)

P1yO3 1.494 0.003 1.497(3) 0.040 0.042(4)b C9–P1yO3 109(4)

P1–O4 1.574 0.002 1.573(4) 0.046 0.049b C10–P1yO3 109(6)

P1–C9 1.805 0.001 1.806(1) 0.052 0.052(2)c C9–P1–O4 103(4)

P1–C10 1.812 20.001 1.811(1) 0.052 0.053c C10–P1–O4 97(2)

O4–H7 0.984 0.011 0.99(1) 0.077 0.083(4)d C9–P1–C10 120(2)

C–H av. 1.108 0.002 1.109(3) 0.078 0.085d O4–P1yO3 120(1)

P1–O4–H7 117(4)

Distance (Å) P1yO3· · ·H8 121(3)

O3· · ·H8 1.897 20.057 1.84(4) 0.171 0.171 fixed O3· · ·H8–O6 164(6)

O3· · ·O4 2.643 0.008 2.65(1) 0.074 0.09(1)e Dihedral angle (8)

O3· · ·C9 2.693 20.001 2.69(7) 0.085 0.10e O3yP1· · ·P2yO5 164(5)

O3· · ·C10 2.686 0.006 2.69(1) 0.085 0.10e O4–P1· · ·P2–O6 128(4)

O4· · ·C9 2.630 0.022 2.65(6) 0.091 0.11e O3 ¼ P1· · ·P2–O6 234(4)

O4· · ·C10 2.550 20.004 2.55(3) 0.092 0.11e C9–P1· · ·P2–C12 233(13)

C9· · ·C10 3.135 20.008 3.13(3) 0.100 0.12e C9–P1· · ·P2–C11 140(7)

P1· · ·O5 3.440 0.159 3.60(1) 0.117 0.143(8)f C10–P1· · ·P2–C11 246(5)

O3· · ·O5 3.437 0.146 3.58(2) 0.093 0.118f H7–O4–P1yO3 28.3 fixed

P1· · ·P2 4.026 0.148 4.17(2) 0.120 0.11(1)g O4–P1yO3· · ·H8 6(3)

P1· · ·O6 3.766 0.007 3.77(1) 0.142 0.13 g P1yO3· · ·H8–O6 276 calc.

O4· · ·O6 3.783 0.015 3.80(3) 0.136 0.12g O3· · ·H8–O6–P2 25 calc.

O3· · ·O6 2.812 20.003 2.81(4) 0.152 0.14 g O3P1P2/P2P1O4 162(2)

C10· · ·C11 4.217 0.848 5.07(9) 0.345 0.345 fixed C9P1P2/P2P1O3 81(7)

P1· · ·C11 4.415 0.443 4.86(4) 0.198 0.198 fixed C10P1P2/P2P1O3 2105 fixed

O3· · ·C11 3.575 0.455 4.03(5) 0.181 0.181 fixed Relative scale factor

O4· · ·C11 4.766 0.109 4.87(3) 0.165 0.165 fixed K 0
LD 1.000(16)

P1· · ·C12 5.689 20.027 5.66(2) 0.126 0.19(2)h K 0
SD 0.725(26)

O3· · ·C12 5.170 20.008 5.16(3) 0.132 0.19h Convergence factor (%)i

O4· · ·C12 5.056 20.084 4.97(4) 0.167 0.23h RLD 2.84

C9· · ·C11 6.172 0.340 6.51(5) 0.167 0.167 fixed RSD 3.68

C9· · ·C12 7.267 20.335 6.93(4) 0.209 0.209 fixed RTotal 2.99

a The numbering of the atoms is shown in Fig. 1. The internuclear distances (ra- and rh1-structures), their vibrational corrections ðrh1 2 raÞ;

and mean vibrational amplitudes (uh1) are given in Å. The experimental total errors given in parentheses were estimated as the tripled standard

deviations of the least-squares method.
b – h Mean amplitudes labelled with the same letter were varied in group.

i R ¼ 100½SjvjjD
2
j =SjvjjðsjM

expðsjÞÞ
2�1=2; where Dj ¼ sjM

expðsjÞ2 KsjM
theorðsjÞ with an identity matrix of weight factors.
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impossible to resolve the overlap of contributions of

particular geometrical parameters without invoking

the data obtained by other methods.

The experimental [27,31] and quantum chemical

([35] and this work) estimates of dimerization

energy, which coincide well with one another,

show that the presence of monomer 1 cannot be

determined within the error limits of the GED

method. The results of quantum chemical calcu-

lations allowed us to analyse the GED data for

dimer 2 using a C2-symmetry molecular model. As

it is seen from Table 1, the quantum chemical

estimates of the differences between O–H and C–

H bond lengths and of the bond and dihedral

angles in methyl group are virtually independent of

the calculation level employed. As a rule, theoreti-

cal estimates of this kind are in good agreement

with experimental data [72–78]. When performing

structural analysis, the values of these differences

were set equal to those obtained from the RHF/6-

311G** calculation of dimer 2 (Table 2).

The main objectives of this work were to confirm

the prevalence of dimer 2 in the gas phase and to

obtain structural characteristics of its H-bonded cyclic

fragment. So we confined ourselves to the use of a

static model with consideration of non-linear kin-

ematic effects at the first-order level of perturbation

theory. It is important to note that rij;h1 parameters are

the most approximate to the equilibrium structure

parameters obtained using harmonic potentials

[55–57].

Table 4 presents the results of refining structutal

parameters of dimer 2 in the harmonic rh1-approxi-

mation. The Newman projection of the experimen-

tally obtained conformation of H-bonded molecular

skeleton of the compound along P· · ·P direction is

given in Scheme 1. This C2-symmetry conformation

resembles a bowl with a support of two P–C bonds.

The obtained convergence factors (R-factors) indicate

close agreement between the theory and experiment.

The strongest correlations were those between the P–

O and PyO bond lengths (20.87) as well as between

these bond lengths and their mean vibrational

amplitudes (^0.86).

Table 5

Vibrational corrections used for passage from the experimental ra

bond lengths in cyclic dimer of dimethylphosphinic acid (2, C2

symmetry; T ¼ 433 K) to the r0
h1 parameters for the ground

vibrational state and to the estimates of the parameters of the

equilibrium re-structure, and the values of the r0
h1 and re parameters

(in Å)a

Bond distance r0
h1 2 ra r0

h1 re 2 ra re

P1yO3 0.003 1.497(3) 0.002 1.496

P1–O4 20.002 1.572(4) 20.011 1.563

P1–C9 0.000 1.805(1) 20.006 1.799

P1–C10 20.002 1.810(1) 20.009 1.803

O4–H7 0.010 0.99(1) 0.004 0.987

C–H av. 0.002 1.110(3) 20.016 1.092

O3· · ·H8 20.105 1.79(4) 20.179 1.718

a The numbering of the atoms is shown in Fig. 1. The

experimental total errors given in parentheses were estimated as

the tripled standard deviations of the least-squares method.

Fig. 5. Experimental (points) and theoretical (solid) radial

distribution curves f ðrÞ and the difference curve (D) for cyclic

dimer of dimethylphosphinic acid (2). Damping constant

b ¼ 0:001853 Å2. Scheme 1.
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Table 5 shows the estimates of r0
ij;h1 bond lengths

in the ground vibrational state, which were obtained

after introduction of partial anharmonic corrections

in the diatomic approximation rij;g 2 r0
ij;g ø

1:5a3ðu
2
ij;h1ðTÞ2 u2

ij;h1ð0ÞÞ [70], and dvib
ij;h1 corrections

for T ¼ 0 K. Table 5 also lists the estimates of the

equilibrium rij;e bond lengths obtained after correc-

tion of the refined rij;h1 parameters for anharmonicity

and centrifugal distortion using the dvib
ij;anh1 and drot

ij

values, respectively. Since the corrections calculated

at the first-order level of perturbation theory are

additive, the use of the rh1-structure makes it easy to

allow for the anharmonic effect. For each chemical

bond, the estimates of r0
ij;h1 parameters virtually

coincide with the rij;h1 values. Various distance

parameters of each bond differ by less than 0.01 Å,

since their vibrational and centrifugal distortion

corrections are very small.

The majority of varied mean amplitudes (first of

all, the amplitudes of bond distances) shows small

deviations from the calculated values. For the

distances between non-bonded atoms in the mono-

mer fragments and eight-atom ring, whose ra

parameters contribute to composite radial distri-

bution peaks within the range of 2.5–4.0 Å (Fig. 5),

the refined amplitude changing compared to the

calculation results are just as much as ca. ^0.02 Å.

Taking into account apriority of the force field we

used in spectroscopic calculations, high flexibility of

the dimer 2 molecular system, and possibility of

enlarging the weight of bond length contributions

compared to the contributions from non-bonded

distances due to a hypothetical presence of mono-

mer 1, the obtained differences between the refined

and calculated amplitudes cannot be considered as

excessive.

The only exception are the distances of more than

4.2 Å which involve C atoms of peripheral methyl

substituents at the P-atoms and whose refined

amplitudes exceed by 0.06 Å the calculated amplitude

values. The refined uij;h1 values for these distances can

be regarded as effective parameters, whose increase

compared to the results of spectroscopic calculations

may be explained by inadequacy of small-amplitude

harmonic approximation. The calculated dvib
ij;h1 correc-

tions to them reach several tenths of an angstrom unit.

Although it also demonstrates evident inadequacy of

the used small-amplitude harmonic approximation,

we may neglect the error arising in this case. Really,

the contribution of these large distances to the

diffraction pattern is relatively small, and in the

corresponding r-region the experimental curve f ðrÞ is

not informative, since it does not have any apparent

peaks. Reliability of the data obtained for this r-region

is not sufficiently high. On the other hand, impossi-

bility of adequate consideration of the vibrational

effects may be one of the reasons for marked

deviations between the experimental (Table 4) and

quantum chemical (Table 2) values of some valence

angles, first of all in the case of C–P–C angle

between the methyl carbons connected with the P-

atom.

Introduction of harmonic corrections dvib
ij;h1 during

refinement, as well as introduction of anharmonic

corrections dvib
ij;anh1 performed after the refinement, in

accordance with additivity of contributions within the

framework of the first-order perturbation theory, make

the experimental estimates of internuclear distances

(Tables 4 and 5) closer to their values resulting from

the RHF calculation (Table 2). In the case of related

oxygen-containing P-compounds, the estimates of

geometrical parameters obtained by the RHF method,

as it has already been discussed above, may be

considered a trustworthy criterion for comparison

with the GED data.

7. Discussion

7.1. Alteration of the PyO and P–O bond lengths

In the absence of GED data for monomer 1, the

changes in principal bond lengths upon dimerization

may be estimated by comparison with the available

GED data for non-associated molecules of related P-

compounds, Me3PyO [79] and (MeO)3PyO [80].

Since it was shown earlier [81] that for valence bonds

rij;h1 parameters can be considered nearly equal to the

thermal average rij;g-values, for this purpose we use

the latter values cited in Refs. [79,80]. In dimer 2

(Table 5), the PyO bond length exceeds by 0.02 Å the

ones in Me3PyO (rg 1.476(2) Å) and (MeO)3PyO (rg

1.477(6) Å), whereas the single P – O bond is

shortened by about 0.01 Å compared to the analogous

bond in (MeO)3PyO (rg 1.580(2) Å). All this

corresponds well to the structural consequences of

L.S. Khaikin et al. / Journal of Molecular Structure 658 (2003) 153–170164



dimerization of 1 we have considered above on the

base of the RHF calculation results. The P–C bonds in

dimer 2 have practically the same length as in

Me3PyO (rg 1.809(2) Å).

As it was demonstrated by the single crystal X-ray

diffraction analysis [8], association of 1 in the solid

state (unlike that in the gas phase) results in formation

of infinite chains of molecules bound by H-bonds. It

was deduced that the ra-values of 1.495(4) and

1.559(4) Å correspond to the PyO and P–O bonds,

respectively. These distances whose values reflect

strength of the involved H-bonds are in good

agreement with our data for dimer 2 in the gas

phase (Table 4) and particularly with the re-estimates

(Table 5), although one should keep in mind the

differences between centers of electron density (X-

ray) and nuclear positions (GED). The differences

between valence angles found by the two methods are

considerably more substantial since they conform to

very distinct associated structures arising from

different conditions of polymerization. First of all,

this refers to the C–P–C and O–PyO angles whose

values in the solid state (107.3(3)8 and 112.7(2)8,

respectively [8]) are by 7–128 smaller than those we

obtained in the gas phase.

7.2. Geometrical parameters of the hydrogen bonds

Quantum chemical calculations by the RHF

method show that dimethylphosphinic acid is

distinguished not only by the aforementioned

significant increase of the dimerization energy in

comparison with that for formic and acetic acids

(in accordance with experiment), but also by the

distinctive values of geometrical parameters of H-

bonds (Table 6). The found equilibrium parameters

also conform to significant strengthening of H-

bonds in dimer 2 compared to those in its

carboxylic analogs. Contrary to expectations, the

elongation of the calculated donor O–H bonds

upon transition from dimers of formic (3) and

acetic (4) acids to 2 is relatively small (0.02–

0.05 Å, Tables 1, 2, and 6). The principal

difference between H-bond fragments of these

cyclic dimers is a significant shortening of the

yO· · ·H bond in 2 (by 0.10– 0.15 Å), which

practically defines the –O· · ·Oy distance decrease

in dimer 2 as well. Our conclusion takes into

account the difference between the B3LYP and

MP2 estimates for parameters of dimer

(H2P(yO)OH)2 cited in Ref. [35].

Table 6

Comparison of experimental (GED) and calculated (RHF, MP2, B3LYP) values of geometrical parameters for the H-bond fragments in cyclic

dimer structures of dimethylphosphinic (2), formic (3) and acetic (4) acids

Parametera 2 3 4

RHFb B3LYPc GEDb RHFd MP2d GEDe RHFd MP2d GEDf

rh1 re ra ra

Dimerization energy (kcal mol21)

2DE 21.9 23.2 24(6) [27,31] 15.3 18.4 14 [31,35] 15.5 19.0 14.2 [31,35]

Distance (Å)

O–H 0.969 1.019 0.99(1) 0.99 0.963 0.994 1.036(17) 1.058(17)g 0.962 0.994 1.03 (assumed)

–H· · ·O(yX) 1.702 1.555 1.84(4) 1.72 1.831 1.706 1.819 1.694

–O· · ·O(yX) 2.657 2.571 2.81(4) 2.69 2.789 2.699 2.703(7) 2.722(7)g 2.779 2.688 2.684(10)

Angle (8)

–OHO(yX) 167.7 164(6) 173.6 178.9 180 (assumed) 175.8 179.2 180 (assumed)

a XyP,C
b This work.

c,d Calculated with the use of the 6-31 þ G** basis set (for 2, see Ref. [35]) and 6-31G** basis set (for 3 and 4, see Ref. [68]), respectively.
e,f GED data from Refs. [41,42] (3) and Ref. [43] (4), respectively.

g The distance found for deuterated (HC(yO)OD)2 dimer.
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Table S1

Spectral characteristics for the cyclic dimer of dimethylphosphinic acid (Me2P(yO)OH)2 (2, C2 symmetry) obtained in the RHF/6-311G**

calculation and band assignments based on the a priori scaled force field

Symmetry type No. RHF calculation RHF force field, scaled

Frequency (cm21) Intensitya Depolarization Frequency (cm21) Potential energy distribution (%)b

IR Raman

A 1 3587 13.8 238 0.31 3310 O–H str (95)

2 3270 1.6 162 0.75 3015 C–H str (93)

3 3267 4.8 186 0.75 3013 C–H str (100)

4 3263 0.3 23.9 0.75 3008 C–H str (100)

5 3262 0.6 18.7 0.75 3007 C–H str (94)

6 3183 0.0 400 0.00 2935 C–H str (99)

7 3179 4.2 77.1 0.01 2931 C–H str (100)

8 1584 1.0 0.1 0.70 1416 CH3 as.def (93)

9 1578 0.4 29.1 0.74 1412 CH3 as.def (92)

10 1570 0.2 6.8 0.75 1404 CH3 as.def (89)

11 1569 4.9 1.5 0.75 1404 CH3 as.def (91)

12 1476 0.3 3.0 0.05 1323 CH3 s.def (70)

13 1466 72.1 0.0 0.57 1315 CH3 s.def (63)

14 1356 36.1 0.8 0.55 1234 Ring def. (81), PyO str (7)

15 1254 12.5 17.5 0.29 1127 PyO str (63), Ring def (20)

16 1074 61.1 0.6 0.74 990 P–O str (55), CH3 rock (15)

17 1022 0.0 6.6 0.37 923 CH3 rock (74), P–O str (7),

PyO str (6)

18 978 137 3.6 0.62 896 Ring tors (67), CH3 rock (12)

19 967 179 0.1 0.10 886 CH3 rock (30), Ring tors (22),

P–O str (9), P–C str (9)

20 944 0.3 0.7 0.58 850 Ring tors (48), CH3 rock (44)

21 887 111 0.9 0.05 824 Ring tors (92)

22 800 18.3 3.4 0.68 745 P–C str (44), Ring tors (25),

CH3 rock (15)

23 736 0.3 37.2 0.04 695 P–C str (82)

24 472 4.3 7.3 0.57 434 Ring def (50), O· · ·H str (15),

Ring tors (7), CH3 rock (7)

25 435 78.8 1.1 0.75 410 O(C)–P–C def (58), CH3 rock (16)

26 341 0.0 0.5 0.51 321 O(C)–P–C def (66), CH3 rock (22),

Ring def (8)

27 292 0.4 1.2 0.69 276 O(C)–P–C def (64), CH3 rock (12),

O· · ·H str (12)

28 275 0.0 0.9 0.70 262 O(C)–P–C def (69), CH3 rock (13)

29 212 0.0 0.1 0.75 211 CH3 tors (87)

30 185 0.0 0.0 0.63 185 CH3 tors (96)

31 145 0.0 0.1 0.40 131 O· · ·H str (62), Ring def (10)

32 132 0.1 0.0 0.43 122 Ring def (75), Ring tors (20)

33 44 2.9 0.0 0.66 42 Ring tors (62), Ring def (36)

34 20 3.1 0.1 0.58 18 Ring tors (75), Ring def (23)

B 35 3639 3056 3.3 0.75 3342 O–H str (95)

36 3270 19.7 11.8 0.75 3015 C–H str (92)

37 3267 23.2 22.3 0.75 3013 C–H str (99)

38 3263 4.4 13.1 0.75 3008 C–H str (99)

39 3262 13.6 96.0 0.75 3007 C–H str (94)

40 3183 6.3 0.5 0.75 2935 C–H str (100)
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It should be noted that a reliable experimental

determination of the donor O–H bond length in

complicated structures like 2 is impeded. In our GED

study, its contribution to the composite peak of the f ðrÞ

curve at about 1.10 Å (along with the contributions of

the C–H bond lengths) is only about 10% and so the

defined rh1 parameter was forcedly bound up with

similar parameters of C–H bonds. Their interconnec-

tion is determined by differences in the bond lengths of

0.11–0.12 Å obtained by the RHF/6-311G** calcu-

lation (see above). The limitations upon analysis of

GED data for 2 do not affect the foregoing conclusion

on the re parameters of H-bond fragment. As it has

already be discussed, the introduction of harmonicdvib
ij;h1

and anharmonic dvib
ij;anh1 vibrational corrections to the

considered internuclear distances of dimer 2 consecu-

tively makes the estimates of length of these distances

(Table 4–6) closer to the RHF values (Table 2).

Through disability to determine the exact position

of the hydroxyl H-atom, the analysis of GED data for

the dimers 3 and 4 (Table 6) was also carried out with

some simplification of molecular models. When

comparing the GED data for 2, 3, and 4, it should

also be kept in mind that their analysis in the case of

Table S1 (continued)

Symmetry type No. RHF calculation RHF force field, scaled

Frequency (cm21) Intensitya Depolarization Frequency (cm21) Potential energy distribution (%)b

IR Raman

41 3179 0.5 0.6 0.75 2931 C–H str (100)

42 1584 24.6 0.2 0.75 1417 CH3 as.def (94)

43 1578 5.9 5.6 0.75 1411 CH3 as.def (93)

44 1570 0.2 26.2 0.75 1404 CH3 as.def (94)

45 1569 0.8 0.6 0.75 1403 CH3 as.def (93)

46 1474 96.5 0.1 0.75 1322 CH3 s.def (63)

47 1465 4.7 0.1 0.75 1314 CH3 s.def (63)

48 1323 893 0.1 0.75 1202 Ring def (61), PyO str (38)

49 1282 26.5 0.3 0.75 1155 Ring def (62), PyO str (18),

Ring tors (13)

50 1069 405 0.2 0.75 984 P–O str (50), CH3 rock (17)

51 1020 10.8 0.5 0.75 920 CH3 rock (72), PyO str (8), P–O str (6)

52 975 97.7 1.3 0.75 893 CH3 rock (33), P–O str (28),

Ring tors (18)

53 959 17.6 0.1 0.75 877 CH3 rock (42), P–C str (30)

54 945 1.3 3.5 0.75 851 Ring tors (67), CH3 rock (15)

55 842 79.0 1.2 0.75 786 Ring tors (94)

56 801 8.7 10.1 0.75 745 P–C str (38), Ring tors (34),

CH3 rock (14)

57 736 9.8 1.0 0.75 695 P–C str (85)

58 473 86.7 0.5 0.75 437 Ring def (62)

59 432 10.1 2.7 0.75 407 O–P–C def (48), Ring tors (16)

60 383 65.4 0.1 0.75 356 O–P–C def (48), O· · ·H str (24),

CH3 rock (16), Ring def (6)

61 284 4.0 1.4 0.75 269 O–P–C def (74), CH3 rock (11),

Ring tors (8)

62 265 0.8 0.4 0.75 255 C–P–C def (51), O–P–C def (20),

CH3 rock (16)

63 215 5.4 0.0 0.75 213 CH3 tors (84)

64 185 0.3 0.0 0.75 185 CH3 tors (96)

65 167 28.5 0.0 0.75 154 O· · ·H str (58), Ring def (15)

66 22 2.5 0.1 0.75 21 Ring tors (90), Ring def (7)

a IR intensity in km mol21, Raman intensity in Å4 amu21.
b See footnote ato Table 3; def, bending for the CH3 and ring fragments; rock, rocking; s and as are symmetric and asymmetric vibrations.

L.S. Khaikin et al. / Journal of Molecular Structure 658 (2003) 153–170 167



both carboxylic acids was performed upon consider-

ation of geometrical interconnection between mol-

ecular parameters within the framework of the ra-

structure. In contrast to the aforementioned con-

clusion concerning the calculated differences between

H-bond parameters of 2–4, it appears that dimers 3

and 4 should be characterized by a somewhat greater

length of the O–H donor bond than dimer 2, the –

O· · ·Oy distances in all the three compounds being

virtually unchanged. However, poor accuracy of the

parameter values does not provide much confidence in

such inference. At any rate, the arisen ambiguity

requires a more detailed experimental research.

For the H-bonds between molecules of 1 in the

solid state, the – O· · ·Oy distance is the only

parameter which was determined from the X-ray

data (ra of 2.479(5) Å [8]). The structure refinement

was performed in Ref. [8] on the assumption that the

O–H· · ·O linear hydrogen bond had O–H distance of

1.07 Å. The –O· · ·Oy distance obtained in the solid

state was significantly shorter than for the dimer 2 in

the gas phase. However, its value compares well with

the analogous distances found for other organopho-

sphorus acids in the solid state where they show a

common tendency toward the formation of long

chains of molecules held together by strong H-bonds

[8]. This is in accordance with the conclusion based

on the IR-study of dimethylphosphinic acid [28] that

transition from gas to a solid sample leads to

strengthening of the H-bond. A similar effect is

Table S2

Mean vibrational amplitudes (uh1) and vibrational corrections calculated at the first-order level of perturbation theory (harmonic h1; anharmonic

an dvib
h1 ) and centrifugal distortion corrections for the internuclear distances of cyclic dimer of dimethylphosphinic acid (2,C2 symmetry), in Å.

Distancea re (Å)b T ¼ 0 K T ¼ 298 K

uh1 dvib
h1 dvib

anh1 uh1 dvib
h1 drot dvib

anh1

P1yO3 1.477 0.038 20.002 0.003 0.039 20.002 0.000 0.002

P1–O4 1.570 0.044 0.003 0.005 0.044 0.003 0.000 0.008

P1–C9 1.798 0.048 0.000 0.006 0.049 0.001 0.000 0.006

P1–C10 1.802 0.048 0.002 0.006 0.050 0.003 0.000 0.007

O4–H7 0.969 0.076 20.004 0.014 0.076 20.004 0.000 0.010

O3· · ·H8 1.702 0.115 0.065 0.032 0.151 0.068 0.001 0.083

O3· · ·O4 2.563 0.062 20.005 0.009 0.067 20.006 0.000 0.012

O3· · ·C9 2.742 0.066 0.003 0.008 0.076 0.004 0.000 0.010

O3· · ·C10 2.720 0.066 20.003 0.007 0.076 20.003 0.001 0.007

O4· · ·C9 2.643 0.069 20.016 0.005 0.081 20.016 0.001 0.000

O4· · ·C10 2.698 0.070 0.007 0.009 0.081 0.007 0.000 0.010

C9· · ·C10 2.901 0.073 0.011 0.010 0.088 0.010 0.000 0.011

P1· · ·O5 3.467 0.083 20.136 0.020 0.104 20.141 0.008 0.034

O3· · ·O5 3.318 0.071 20.125 0.021 0.083 20.130 0.003 0.036

P1· · ·P2 4.171 0.075 20.126 0.019 0.104 20.131 0.011 0.029

P1· · ·O6 3.780 0.082 0.000 0.035 0.121 20.001 0.006 0.066

O4· · ·O6 3.884 0.082 20.007 0.022 0.116 20.009 0.009 0.040

O3· · ·O6 2.657 0.094 0.010 0.043 0.131 0.010 0.002 0.087

C10· · ·C11 5.556 0.302 20.728 20.072 0.322 20.752 0.052 20.187

P1· · ·C11 5.120 0.162 20.383 20.022 0.181 20.396 0.029 20.068

O3· · ·C11 4.321 0.150 20.394 20.029 0.165 20.407 0.028 20.078

O4· · ·C11 4.985 0.105 20.090 0.028 0.143 20.094 0.011 0.043

P1· · ·C12 5.679 0.075 0.029 0.050 0.109 0.028 0.001 0.094

O3· · ·C12 4.991 0.083 0.012 0.053 0.114 0.011 20.002 0.099

O4· · ·C12 5.059 0.107 0.081 0.051 0.144 0.082 0.000 0.102

C9· · ·C11 6.814 0.129 20.293 20.003 0.151 20.305 0.023 20.031

C9· · ·C12 6.971 0.158 0.307 0.102 0.188 0.313 20.018 0.208

a The numbering of the atoms is shown in Fig. 1.
b Obtained from the RHF/6-311G** calculation.
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observed in Ref. [28] for the crystalline phase when

the temperature is lowered.

A preliminary report on the obtained data has been

published in Ref. [82].

8. Supplementary materials

The supplementary materials referred to in Sec-

tions 5.1 and Section 5.2 have been deposited with

BLLD as supplementary Publication number SUP

26695 (3 pages) (Tables S1 and S2).
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