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The structural and spectral changes, arising from the conversion of a series of benzophenones into ketyls,
are studied on the basis of standard DFT methods, employing different functionals and basis sets, without
and with inclusion of solvent. Their relative predictive capabilities are evaluated by comparing the the-
oretically predicted and experimentally observed carbonyl frequencies. A very good agreement is
achieved at combination between IEFPCM and ONIOM method with the basis functions 6-311+G(2df,p)
for high layer and 6-311+G for low layer, showing the relevance of including high-order polarization
functions in the basis set of high layer and solvent effect. The chosen level of theory ONIOM[B3LYP/
6-311+G(2df,p)//6-311+G]-IEFPCM is applied to analyze the vibrational spectra, geometry and spin
populations over the C@O groups of the title species. The spin populations over the C@O groups in ketyls
correlate excellently with these decreases DmCO and prove to be dominant factor determining the fre-
quency variation in the IR spectra.

� 2014 Published by Elsevier B.V.
1. Introduction

Organic radical-anions could be formed by addition of a single
electron (one-electron reduction) to various organic molecules
[1–4]. The generated species are negatively charged and in the
same time possess radical properties due to the odd number of
electrons. They are powerful synthons and their spectra and struc-
ture are of special interest for the physical organic chemistry [1–4].
Historically the benzophenone ketyl was the first recognized radi-
cal-anion [5,6]. Following its discovery, different other ketyls radi-
cals were synthesized through one-electron reduction of
benzophenones using reducing metals, such as sodium and potas-
sium or generated electrochemically [7,8]. This class of compounds
is widely used in many areas, as important intermediates in
organic and organometallic reactions [9–11]. Therefore, a better
knowledge of the structure is an essential goal in understanding
of the reactivity. However, the highly reactive nature of ketyl rad-
ical species has limited the structural characterization of benzo-
phenone ketyls to a few complexes [12–14]. Some information
on the structure of radical-anions, including ketyls, can be obtained
by means of ESR method [15–17]. The vibrational spectra are also
informative regarding the changes in the force field resulting from
the conversion of the neutral molecules into radical-anions. The IR
spectra of m- and p-substituted benzophenones ketyls were stud-
ied earlier [18–21] and revealed intriguing spectral features much
different from those of the neutral parent compounds. Moreover
the observed spectral behavior could not be explained based sim-
ply on the conventional concepts of inductive and resonance
effects [20], so need of correlation to the some more sophisticated
characteristics such as electron distribution over the molecule, was
assumed based on Huekel calculations [21]. Nowadays, quantum-
chemical methods provided powerful means to study the spectra
and electronic structure of organic molecules. Combined with the
experimental data they could support and explain from theoretical
point of view the changes occurring upon radicalization. A large
series of organic molecules and their radical-anions, containing
cyano and nitro groups have been successfully studied recently
on the basis of IR spectra and DFT computations [22–25].

Hence we decide to study a series of substituted benzophenon-
es by computational methods and to relate the theoretically calcu-
lated IR frequencies, molecular structure, and electronic charge
distribution to the available experimental spectral data in order
to find interpretation of the observed effects. For this purpose, a
comprehensive evaluation of different DFT methods was carried
out to select the most suitable level of theory for the study of ben-
zothenone ketyl derivatives. The chosen method was then applied
to describe the changes in the energies, IR spectra and structure,
related to the chemical transformation of the benzophenones into
ketyls. The comparison of the relative predictive capacity of the
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hybrid DFT functionals, basis sets and solvent models was used to
recommend the most accurate and efficient approach for future
studies of carbonyl radical-anions.

2. Computational details

Full geometry optimization and computation of vibrational fre-
quencies of all studied species were done using Gaussian-09 pro-
gram package [26]. Several various unrestricted hybrid
functionals were used: UB3LYP [27–29] – three-parameter func-
tional which combined 20% Hartree–Fock exchange and 72%
Becke’s nonlocal exchange; UB1LYP [30] – one-parameter func-
tional, which incorporated 25% Hartree–Fock exchange; UBHandH-
LYP [31] – ‘‘half and half’’ functional, which incorporated 50%
Hartree–Fock exchange; CAM-UB3LYP [32] – long range corrected
version of B3LYP which comprised of 19% Hartree–Fock and 61%
Becke’s exchange interaction at short-range, and 65% Hartree–Fock
and 35% Becke’s exchange at long-range. Pople type basis sets [33]
6-311+G(d,p) and 6-311+G(2df,p) were used for full geometry opti-
mizations of the molecules and the corresponding radical-anions.
Incorporation of solvent effect was performed by a combination,
provided by the last version of Gaussian-09 [26], between ONIOM
method, developed by Morokuma and coworkers [34], and Integral
Equation Formalism of Polarizable Continuum Model (IEFPCM),
proposed by Tomasi and coworkers [35,36]. The stationary points
found on the potential energy hypersurface for each structure,
were characterized using the standard harmonic vibrational analy-
sis. The absence of imaginary frequencies confirmed that the sta-
tionary points corresponded to local minima on the potential
hypersurfaces. A standard least-squares program was used to cal-
culate single parameter regression indices.

3. Results and discussion

Subject of the present study was a series of 14 benzophenones –
ketones and their radical-anions – ketyls, separated into three
types as shown in Fig. 1. The ketyls which are arranged in one
group possess topological and structural analogy, and also spectro-
scopic similarity as it was established by their IR spectra [18–21].

3.1. Correlation analysis

Careful evaluation of the method accuracy is a key step in the
study of any group of organic radical-anions. On the other hand,
the variability of method/basis set could improve considerably
the agreement between theory and experiment, which is crucial
as indication for reliable description of the computed structural
parameters. For this purpose, a smaller test series, containing rep-
resentatives from each type I, II and III, was selected to examine the
performance of various combinations between method/basis sets
in predicting the corresponding carbonyl IR frequencies in gas
phase. The experimental spectra were measured in polar aprotic
Fig. 1. Chemical structures of benzoph
solvent DMSO, but it is known that in this solvent the ions exist
as free species and there are no strong anion/counter ion interac-
tions [4,37]. The influence of the tetrabutylammonium counterions
on the carbonyl frequencies is neglectful. This makes it possible to
compare, in this work, the experimental infrared data for the rad-
ical anions with the theoretical data for free radicals.

A comprehensive evaluation of DFT methods was carried out, in
order to find a suitable and cost effective level of theory to be used
in the study of benzophenone ketyl derivatives. By varying the
hybrid functional, we found that the agreement between theoreti-
cal and experimental carbonyl frequencies increases in the order:
O3LYP < mPW1PW91� B1B95 � B3PW91 < PBE < B3LYP < B3P86 �
CAM-B3LYP � B1LYP < BHandHLYP. We tested also three kinds of
basis sets: Pople [33] 6-311+G(d,p), Dunning [38] (aug-cc-pVTZ),
and Barone [39] (EPR-III); and found, that the Pople basis sets pro-
vide better accuracy at lower computational cost. Four of the best
performing functionals (B3LYP, B1PLYP, CAM-B3LYP, BHandHLYP),
which are also the most similar in definition, combined with 6-
311+G(d,p) basis set are the most appropriate for calculation of
the carbonyl frequencies of the whole series of studied
benzophenones.

The native theoretical carbonyl IR frequencies of the whole ser-
ies were scaled according to the following equation:

mexp ¼ qmtheor þ b ð1Þ

The values of slopes q and intercepts b calculated at different
level of theory are listed in Table 1. The scaled theoretical carbonyl
frequencies are compared to the experimental ones in Table 2. The

mean absolute deviations MAD¼n�1P ðqmtheor:ðnativeÞ
i þbÞ�mexp :

i

���
���

� �

were used as a measure for the deviation between theoretical and
experimental values (Table 2). In contrast to the carbonyl frequen-
cies of the ketones, the frequencies of the ketyls are poorly pre-
dicted in gas phase. Although the calculations included diffuse
functions (which are required for open shell systems as ketyls)
they failed to provide a good agreement. The MADs found (20–
30 cm�1) are larger than expected.

The advantages of B3LYP functional among other DFT methods
and the reliability of Pople basis set for frequency calculations of
organic systems were previously shown both in the harmonic
and anharmonic approach [40,41]. Their good performance in
terms of accuracy and computational cost were also demonstrated
for various radical-anions [24,25,42–45] and anions [46–49]. Based
on series of carbanions [46], azanions [47,48] and oxyanions [49] it
was established that the mean absolute deviation between the IR
experimental frequencies and that calculated by B3LYP typically
falls within the interval 9–20 cm�1. The accuracy reported for
nitrile radical-anions and anions is respectively 8–12 cm�1 [24].
In the present case however, the prediction of the carbonyl fre-
quencies of the benzophenones and ketyl radicals by this method
led to insufficient results as the MADs lie at the upper limit or out-
side the above-mentioned intervals [24,46–49]. These values make
the theoretical method rather impracticable for further analysis.
enones separated into three types.



Table 1
Correlations between theoretical and experimental carbonyl stretching frequencies of the substituted benzophenone molecules and ketyls according to Eq. (1).

Gas phasea ONIOM–IEFPCMb

B3LYP B1LYP BHandHLYP cam-B3LYP B3LYP B1LYP BHandHLYP cam-B3LYP

q 0.8783 0.8603 0.8712 0.8996 0.9597 0.9346 0.8250 0.8641
b 163.0 187.2 82.0 76.9 39.7 69.4 179.5 153.1
Rc 0.8472 0.8676 0.9492 0.9329 0.9974 0.9977 0.9939 0.9975
SDd 47.2 44.8 28.0 32.0 6.4 6.1 9.8 6.3

a Basis set – 6-311+G(d,p).
b Basis set – 6-311+G(2df,p)//6-311+G.
c Correlation coefficient.
d Standard deviation.

Table 2
Comparison of frequencies of the C@O stretching vibrations calculated at different level of theory (scaled according Eq. (1)) with experimental values.

Compounds Gas phasea ONIOM/PCMb Experimentalc

No. R R0 B3LYP B1LYP BHandHLYP CAM-B3LYP B3LYP B1LYP BHandHLYP CAM-B3LYP

M1 H H 1667 1672 1670 1668 1656 1655 1653 1655 1658
M2 4-Ph H 1664 1670 1668 1666 1653 1653 1664 1653 1659
M3 4-CN H 1675 1676 1675 1673 1664 1663 1674 1664 1662
M4 4-CN 4-CN 1676 1682 1681 1678 1673 1673 1667 1672 1668
M5 4-NO2 H 1673 1682 1677 1666 1667 1666 1659 1666 1665
M6 4-NO2 4-OMe 1664 1670 1668 1674 1657 1657 1641 1658 1658
M7 4-NO2 4-DMA 1639 1659 1657 1681 1641 1640 1677 1640 1644
M8 4-NO2 4-CN 1683 1683 1684 1680 1677 1676 1679 1676 1673
M9 4-NO2 3-NO2 1681 1684 1683 1681 1680 1680 1666 1677 1673
M10 3-NO2 H 1674 1677 1675 1673 1667 1667 1641 1665 1665
M11 3-NO2 4-DMA 1653 1659 1634 1655 1649 1640 1675 1641 1642
M12 3-NO2 4-CN 1678 1682 1681 1678 1676 1676 1674 1674 1670
M13 3-NO2 3-CN 1678 1683 1681 1679 1677 1676 1677 1674 1671
M14 3-NO2 3-NO2 1630 1684 1682 1680 1680 1679 1677 1677 1672
K1 H H 1469 1474 1438 1442 1406 1407 1417 1410 1396
K2 4-Ph H 1474 1479 1437 1479 1409 1409 1422 1407 1397
K3 4-CN H 1498 1502 1471 1478 1429 1426 1422 1427 1430
K4 4-CN 4-CN 1465 1469 1492 1443 1450 1450 1446 1449 1457
K5 4-NO2 H 1544 1550 1536 1539 1564 1565 1558 1563 1570
K6 4-NO2 4-OMe 1545 1549 1536 1538 1561 1562 1559 1564 1565
K7 4-NO2 4-DMA 1646 1546 1553 1559 1567 1568 1561 1568 1564
K8 4-NO2 4-CN 1603 1551 1511 1517 1569 1569 1558 1565 1575
K9 4-NO2 3-NO2 1522 1552 1521 1524 1563 1564 1557 1562 1580
K10 3-NO2 H 1609 1612 1637 1631 1642 1651 1654 1653 1654
K11 3-NO2 4-DMA 1624 1621 1634 1631 1634 1633 1635 1635 1632
K12 3-NO2 4-CN 1516 1536 1630 1619 1655 1657 1662 1661 1659
K13 3-NO2 3-CN 1627 1574 1634 1623 1656 1658 1661 1660 1661
K14 3-NO2 3-NO2 1599 1602 1634 1625 1660 1661 1664 1663 1660
MADd 31.4 30.5 20.6 23.3 5.0 4.6 6.3 4.2

a Basis set – 6-311+G**.
b Base functions 6-311+G(2df,p) for high layer and 6-311+G for low layer.
c From [20].
d Mean absolute deviation. M – molecule. K – ketyl.
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On the other hand, benzophenone derivatives differ signifi-
cantly in structure from other aromatic compounds, able to form
stable radical-anions. They are non-planar, they possess low level
of symmetry, and the carbonyl group lies outside the planes of
the phenyl rings. This fact in combination with the high polariz-
ability of the carbonyl group might be responsible for the larger
deviation, observed at computations.

For improvement of the model, inclusion of the solvent effect
was tested by polarized continuum model (IEFPCM). Rendering
an account of the medium influence and adding of subsidiary d
and f functions into the atoms of the functional groups (ONIOM
model) vastly improved the agreement between theory and exper-
iment. ONIOM model, with high level 6-311+G(2df,p) for the func-
tional groups, and low level 6-311+G for the hydrocarbon residues,
proved to be a very good compromise between accuracy and com-
putational cost. Taking into account the solvent medium, the dif-
ferences between the functionals become minor. As seen in
Table 2, the agreement between the scaled theoretical frequencies
obtained at ONIOM–IEFPCM computations and the experimental
ones is excellent for all DFT functionals used. The MADs (4.2–
6.3 cm�1) are about 5 times lower, than those calculated in gas
phase without extended basis set (Table 2). In this way, the accu-
racy obtained by this approach is much higher than in the studies
discussed above [24,42–49]. The most popular B3LYP functional
will be used in the following study of the energy, IR spectra and
structure.

3.2. Spectral analysis

The chosen level of theory (ONIOM[B3LYP/6-311+G(2df,p)//6-
311+G]-IEFPCM) predicts very well the vibrational spectra of the
molecules and radical-anions (Table 2). The mean absolute devia-
tion between theoretical and experimental mC@O frequencies is
5 cm–1. The graphical representation of the relationship between
the calculated mtheor. and measured mexp. frequencies of the studied
ketones and ketyls can be seen on Fig. 2.

The presence of carbonyl group in all compounds and its bond-
ing in central position make it very sensitive about the structure of



1350 1400 1450 1500 1550 1600 1650 1700 1750
1350

1400

1450

1500

1550

1600

1650

1700

1750
νexp.= 0.9597 νtheor.+ 39.7
R=0.99738
SD=6.42

 M1-M14
 K1-K4 TYPE l
 K5-K9 TYPE ll
 K10-K14 TYPE lll

νexp.

νtheor.

Fig. 2. Correlation between theoretical carbonyl stretching frequencies mC@O of
molecules (M1–M14) and ketyls (K1–K14) and experimental ones.

Table 3
Calculated enthalpies of formation (kJ mol�1) of studied benzophenone ketyls.a

Ketyls type I Ketyls type II Ketyls type III

K1 165.9 K5 263.1 K10 247.5
K2 172.9 K6 260.0 K11 243.6
K3 206.1 K7 254.4 K12 250.6
K4 227.7 K8 269.1 K13 250.3

K9 264.7 K14 247.7

a For numbering see Fig. 1.
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ketones and ketyles. In agreement between theory and experi-
ment, the IR carbonyl stretching frequencies of neutral benzophe-
nones M1–M14 appear in a narrow interval (1680–1650 cm�1). In
contrary, the mC@O of ketyls K1–K14 are spread over an interval of
more than 250 cm�1 (1660–1400 cm�1). The spectral behavior of
the neutral compounds is in accordance with the simple concepts
for the inductive and resonance effects, while the effects on mC@O of
ketyls are 7–8 times stronger and require a different explanation.

A good indication of the structural changes caused by the con-
version of the ketones into ketyles is the lowering of carbonyl fre-
quency (DmC@O = mC@O(ketone) � mC@O(ketyl)) and its magnitude.
Sometimes the value of DmC@O is around 250 cm�1, and in other
cases only 10 cm�1.

When the C@O group is the strongest electron-withdrawer in
the system (compounds 1–4, type I in Fig. 2) the decrease in mC@O

frequency is the most significant. In the case of the unsubstituted
benzophenone the shifting of mC@O is the strongest (calc.
250 cm�1, obs. 262 cm�1). The presence of a large conjugated sys-
tem as in 4-Ph-benzophenone is not influencing the frequency
decrease (calc. 247 cm�1, obs. 262 cm�1). The shifting is slightly
reduced when one (calc. 235 cm�1, obs. 232 cm�1) or both phenyl
rings (calc. 223 cm�1, obs. 211 cm�1) contain an acceptor weaker
than the C@O group e.g. CN (Table 2).

In the presence of stronger electron-withdrawers e.g. NO2 in p-
position conjugated with the carbonyl group (compounds 5–9,
Table 2), mC@O decreases are smaller compared to those of com-
pounds of type I, but still significant (calc. and obs. near
100 cm�1). The electronic effects of the second substituent (regard-
less electron withdrawing or releasing by nature) have no essential
effect on mC@O.

When the stronger acceptor is in m-position (compounds 10–
14, Table 2), and not conjugated with the carbonyl group, the fre-
quency decrease is small. In this case, the influence of m-NO2 on
mC@O is comparable to the inductive substituents in the neutral
molecules.

This very broad frequency region of the ketyl stretching bands
can be explained by very different contribution of the electron den-
sity, and that will be discussed in more detail in the next section.
3.3. Energy analysis

Experimental data about energy of formation of ketyls are scarce
in the literature due to the experimental difficulties in the isolation
and investigation of such species. They are highly reactive in solid
state, room temperature and oxygen atmosphere. This problem is
not limited to the benzophenone ketyls, but concerns the whole rad-
ical chemistry. That forces us to trust entirely to theory, when dis-
cussing energies of formation. Despite the lack of experimental
data to compare, useful information could be obtained by comparing
the theoretical values for the different compounds to each other. It is
of interest to show whether the energies of formation of the different
types of ketyls differ significantly.

Taking into account Eq. (2), the enthalpy of formation of the
ketyls could be defined with the following expression:

DH ¼ HðkethylÞ � ½HðketoneÞ þ Hðsolv:e�Þ� ð2Þ

In order to account for the experimental conditions, the values
of ketone and ketyl energies were calculated in DMSO solution. The
enthalpy of solvated electron (DMSO) was taken from the litera-
ture [50]. The results listed in Table 3 show that the enthalpies
of formation are the lowest for the first type. The highest enthal-
pies are computed for the second type, which are a little bit higher
than those, calculated for the third type.

These results can be related to the nature of the electron accep-
tor in each ketone. The attachment of solvated electron and forma-
tion of a ketyl would be energetically the most favored when no
other acceptor then the carbonyl group is present. It is due to delo-
calization of the odd electron over larger part of the conjugated
system. The analysis of electronic distribution is presented in detail
in the next section. The highest enthalpies are calculated for the
nitro compounds, where the electron density is concentrated
mainly into the acceptor group. The influence of the electron
donors like methoxy- and dimethylamino-groups is weaker: they
lead to lowering of the enthalpy only by several kJ mol�1. In gen-
eral the enthalpies of 4-nitro species are slightly higher than those
of 3-nitro ones. The differences should be attributed to the differ-
ent electronic conjugation with the carbonyl group.

3.4. Structural analysis

The already mentioned experimental difficulties in the prepara-
tion and isolation of radical-anions lead to only limited number of
structural studies on benzophenone ketyls. The crystal structure of
the unsubstituted benzophenone ketyl was determined in com-
plexes with metal ions including solvent molecules as ligands
[12] and free of solvent [14]. The structure of the free radical-
anions as present in the DMSO solution, cannot be directly
observed, but could be characterized by theoretical calculations
by taking into account the solvent within the model ONI-
OM[B3LYP/6-311+G(2df,p)//6-311+G]–IEFPCM. The calculated
CAPh and C@O bond lengths and dihedral angles between CO
and phenyl rings of the species studied are compared in Table 4.
The conversion of the unsubstituted benzophenone in ketyl caused
a significant elongation of the CAO bond and shortening of the
CAPh bonds. It is accompanied also by decrease of the dihedral
angles between the CO group and the phenyl rings stabilizing the
radical through delocalization of the odd electron over the whole
conjugated system. The reported X-ray studies of the unsubstitut-
ed benzophenone [51] and its ketyl in K [12] and Ca [14] com-
plexes show similar changes in the geometrical parameters. None



Table 4
Calculated C@O and CAPh bond lengths (Å) and dihedral angles(�) in the molecules and ketyls of studied benzophenone.a

Compounds Molecules Ketyl DRC@O
c

No. R R0 C@O CAPh CAPh ab bb C@O CAPh CAPh0 ab bb

1 H H 1.224 1.498 1.498 30.1 30.1 1.287 1.471 1.471 19.2 19.2 0.063
2 4-Ph H 1.224 1.496 1.499 28.3 30.8 1.281 1.458 1.484 14.8 25.8 0.057
3 4-CN H 1.222 1.505 1.494 33.8 26.5 1.271 1.447 1.498 10.9 35.7 0.049
4 4-CN 4-CN 1.220 1.501 1.501 30.5 30.5 1.272 1.470 1.470 20.0 20.0 0.052
5 4-NO2 H 1.221 1.507 1.493 35.4 25.1 1.235 1.474 1.504 17.3 38.3 0.014
6 4-NO2 4-OMe 1.224 1.508 1.484 38.9 20.8 1.236 1.478 1.498 20.4 32.9 0.012
7 4-NO2 4-DMA 1.230 1.511 1.470 43.5 14.4 1.238 1.484 1.488 24.5 27.3 0.008
8 4-NO2 4-CN 1.219 1.503 1.499 32.8 28.3 1.236 1.469 1.508 15.1 40.2 0.017
9 4-NO2 3-NO2 1.218 1.503 1.500 33.5 27.2 1.235 1.469 1.509 15.8 39.2 0.016

10 3-NO2 H 1.221 1.504 1.494 31.0 28.7 1.225 1.497 1.499 28.3 31.5 0.004
11 3-NO2 4-DMA 1.230 1.510 1.472 38.9 17.2 1.232 1.503 1.480 36.3 20.8 0.002
12 3-NO2 4-CN 1.219 1.501 1.501 29.3 30.8 1.223 1.492 1.505 25.1 34.3 0.004
13 3-NO2 3-CN 1.219 1.501 1.500 30.3 30.3 1.223 1.493 1.505 25.3 33.8 0.004
14 3-NO2 3-NO2 1.219 1.501 1.501 30.0 30.1 1.222 1.492 1.505 26.6 34.4 0.004

a For numbering see Fig. 1.
b a and b represent dihedral angles toward the phenyl ring bearing substituent R and R0 , respectively.
c DRC@O = Rketyl � Rmolecule.

Table 5
Correlation coefficients(R) and standard deviations (SD) received at correlation
analysis between DmC@O and spin density upon carbonyl group on different theory
levels.

B3LYPb B1LYPb BHandHLYPb cam-B3LYPb

Mulliken spin densities
R 0.9735 0.9603 0.9083 0.9300
SD 0.043 0.057 0.103 0.088

Natural spin densities
R 0.9773 0.9693 0.9399 0.9443
SD 0.039 0.047 0.073 0.070
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of the other ketyls 2–14 was characterized by experimental struc-
tural methods. Full coincidence between the theoretical data for
the free ketyl structure and X-ray data of ketyl complexes cannot
be expected because of the counter ion influence in solid state.
Allinger and Fan [52] have stated that finding good theoretical
descriptions of the spectroscopic features guarantees obtaining of
so good or better structural predictions within the same theoretical
methods and basis set. Having in mind the good ONIOM–IEFPCM
spectral descriptions obtained in this work and the relevance to
the X-ray structural data of the unsubstituted ketyl only available
in the literature, we consider that the predictions of the structural
variations caused by the conversion of benzophenones into ketyls
are reliable.

The largest bond length changes, DRC@O = R(ketyl) � R(ketones)
(Table 4), correspond to compounds 1–4 of type I where the sub-
stituents are acceptors weaker than the C@O group, smaller in
presence of stronger electron-withdrawers, which are conjugated
with the carbonyl group (compounds 5–9, type II) and very small
when the carbonyl group is not conjugated with the stronger
acceptor (compounds 10–14, type III).

The dihedral angles formed between the carbonyl group and the
phenyl rings (a toward the phenyl ring bearing substituent R; and
by b – toward the one with R0) are also altered by the conversion.
The variations could be classified in three groups corresponding to
the three types of ketyls. Within type I, both a and b are reduced
upon conversion. With identical substituents (K1 and K4), the
reduction of a and b is the same. In the other two cases the change
is bigger for a and the bond lengths CAPh and CAPh0 follow the
same trend. Within type II, the benzophenones are characterized
by b smaller than a showing that in neutral form the conjugation
is spread over Ph0 rather than Ph. Upon conversion both angles
change, but in the opposite direction, resulting in ketyl groups
effectively conjugated with the 4-nitro substituted phenyl rings.
The CAPh bond lengths are correspondingly shortened, while
CAPh0 become longer. Within type III, the neutral benzophenones
have comparable a and b (except for M11 where R0 is a strong elec-
tron releasing group). Similarly to type II, upon conversion a is
reduced and b becomes larger, but the change is less dramatic.
The difference between CAPh and CAPh0 in the ketyls is consider-
ably smaller as well. Among the whole series of ketyls, the reduc-
tion of a is the smallest for type III, another evidence that in this
case the conversion of benzophenones into ketyls is accompanied
by the least significant structural changes.

Similarly to the radicals and other open shell systems, the struc-
ture of radical-anions is determined in general by the distribution
of the odd electron. Having in mind the strong dependence of the
IR spectroscopic band positions on the electronic structure, it is
worthwhile to study the correlation between the spectral charac-
teristics and the electronic structure in order to explain the
observed particularities. For this purpose the spin density popula-
tions over different fragments on the basis of Mulliken population
analysis (denoted as Mulliken spin densities) and NBO analysis
(natural spin densities) were calculated. The spin densities over
the C@O groups in the ketyls were correlated with the correspond-
ing experimental frequency decreases (DmC@O). The data are pre-
sented in Table 5. As can be seen there the correlation
coefficients are better, when natural spin densities are used.

Computed spin densities ONIOM–IEFPCM over various atomic
groups together with the frequency lowering (DmC@O) are listed
in Table 6. Spin densities over atoms for representative ketyls of
each group are presented in Fig. 3. The spin densities over the car-
bonyl group vary significantly but their values are close within the
framework of a given type. These results are in agreement with the
spectroscopic data. The ability of different groups to accept elec-
tron decreases in the row: nitro-, carbonyl-, cyano groups. The spin
density over the methoxy- and dimethylamino groups practically
could be neglected.

In the case of the unsubstituted benzophenone ketyl a consider-
able part of the odd electron (0.473 e�) is localized over the car-
bonyl group. It leads to the strongest decrease of carbonyl
stretching frequency (DmC@O = 262 cm�1). The localization of spin
density within the carbonyl group is a little bit smaller (0.412–
0.387 e�) for the other compounds of type I. The lowering of car-
bonyl stretching bands is almost the same as in the previous case
(DmC@O is 262–211 cm�1).

Whenever carbonyl group is not dominant but competing with
the other electron acceptors (comps. 5–9, type II in Fig. 2), spin



Table 6
NBO atomic spin populations over fragments of benzophenone ketyls.

No. R R0 CO CN CN0 NO2 NO02 DmCO
a

K1 H H 0.473 262
K2 4-Ph H 0.412 262
K3 4-CN H 0.348 0.096 232
K4 4-CN 4-CN 0.387 0.047 0.047 211
K5 4-NO2 H 0.083 0.608 95
K6 4-NO2 4-OMe 0.073 0.623 93
K7 4-NO2 4-DMA 0.055 0.645 80
K8 4-NO2 4-CN 0.106 0.003 0.573 98
K9 4-NO2 3-NO2 0.098 0.591 0.000 93
K10 3-NO2 H 0.009 0.722 11
K11 3-NO2 4-DMA 0.000 0.734 10
K12 3-NO2 4-CN 0.005 0.000 0.713 11
K13 3-NO2 3-CN 0.005 0.006 0.715 10
K14 3-NO2 3-NO2 0.009 0.716 0.004 12

a DmCO = mCO(molecule) � mCO(ketyl) from [20].

K4 (type I) 

K4 (type III) 

K8 (type II) 

Fig. 3. Spin densities over atoms for representative ketyls of type I, II and III.
C-atoms in grey; O-atoms in red; N-atoms in blue. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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population is 0.11–0.08 e�. The mC@O decrease is smaller with
respect to compounds type I, but still significant (95–77 cm�1).

In the third case, the odd electron is localized over the stronger
acceptor (compounds 10–14, type III in Fig. 2) and the spin popu-
lation over the carbonyl group is less than 0.01 e� thus resulting in
very small frequency decrease by only 10–12 cm�1.

The benzophenones have low symmetry as it was discussed
above. However, considering the data in Table 4 and Fig. 3 it could
be concluded that the neutral benzophenones M1, M4 and M14
possess a little bit higher order of symmetry C2. It is interesting
to note that according to the calculations, the symmetry is pre-
served for ketyls K1 and K4, while for K14 it is lowered to C1.
The data in Table 6 support these conclusions showing that the
spin density is distributed equally over the two cyano groups of
ketyl K4, in contrast to K14. This is explained by the fact that in
the first case the dominant carbonyl group is situated in a central
position and it is conjugated with competing cyano groups, while
in the second case the dominant nitro group is out of the center
and not conjugated with its competitors. The lack of conjugation
results in unequal distribution of the odd electron.

The good correlation between the experimental frequency
decreases (DmC@O) and the calculated spin populations over the
C@O fragments proves that the distribution of the odd electron
over the functional groups of the radical-anions is the dominant
factor determining the frequency variation in their IR spectra.
4. Conclusions

Quantum-chemical DFT methods have been applied to model
the geometry and the infrared spectra of a series of benzophenones
and their ketyls. The calculations were done employing different
functionals (B1LYP, B3LYP, BHandLYP, and cam-B3LYP) and basis
sets, without and with inclusion of solvent using the IEF-PCM
model. The results of the calculations were evaluated based on
their relative capability to predict correctly the IR spectral changes,
arising from the conversion of the benzophenones into ketyls. An
extensive set of polarization functions is necessary to correctly
reproduce the frequencies the carbonyl group of both the neutral
benzophenones and the ketyls. However, rendering an account of
the medium influence is also crucial in order to obtain a good gen-
eral agreement with the experimental data. An excellent correla-
tion has been achieved at combination between IEFPCM and
ONIOM method with the basis functions 6-311+G(2df,p) for high
layer and 6-311+G for low layer. The latter level of theory was
applied to analyze the vibrational spectra and geometry of the title
species. In agreement with the experiment, the theory predicts
that the decrease DmCO is very strong when the substituent is an
acceptor weaker than C@O group, smaller in presence of stronger
electron-withdrawers, which is conjugated with carbonyl group,
and very small when the carbonyl group is not conjugated with
the stronger acceptor. The spin populations over the C@O groups
in ketyls correlate excellently with these decreases DmCO and prove
to be dominant factor determining the frequency variation in the
IR spectra. Having in mind the good agreement obtained between
theoretical and experimental data we hope that calculations can
successfully be used to predict spectral and structural changes,
caused by conversions of other types of molecules into radical-
anions. The great importance of the spin populations over the func-
tional groups for the corresponding IR changes could also be
confirmed.
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