
Journal of Applied Spectroscopy, Vol. 80, No. 3, July, 2013 (Russian Original Vol. 80, No. 3, May–June, 2013)

INFLUENCE OF FLUORINATION ON UV SPECTRA OF POLYURETHANE
STRUCTURAL FRAGMENTS

M. A. Ksenofontov,a V. V. Ponarjadov,b D. S. Umreiko,a  UDC 539.19
M. B. Shundalau,b* and E. J. Bobkovaa

Results of TDDFT calculations of the characteristics for excited singlet states of fl uorinated urethanes containing 
from one to six fl uorine atoms were presented. The infl uence of the number and location of the fl uorine atoms in the 
urethane structure on the formation of its UV absorption spectrum was analyzed. It was established that fl uorination 
of a phenyl group in the ortho-positions led to steric hindrance in the urethane structure and to rotation of the 
urethane group by a signifi cant angle (of about 20°). The rotation angle of the urethane group could reach 60° 
and more with additional fl uorination of the amine. Such changes in the urethane structure were accompanied by 
characteristic signifi cant bathochromic shifts of the long-wavelength absorption bands.
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Introduction. The cellular structure of polyurethane foams, i.e., gas-fi lled heterochain polymers containing both 
hydrophobic and hydrophilic functional structural elements, enables effective sorption fi lters to be fabricated from them [1]. 
The membrane-like structure of the cell and pore walls provides access to the sorbing substance within the sorbent and is 
responsible for its high absorbance and retention. The sorbing substance is involved in both adsorption and absorption [1, 2].

Additional possibilities for expanding the range of applications of polyurethane foams exist despite the high 
operational parameters of sorbents based on them. Thus, chemical modifi cation of solid surfaces is a common method for 
a tailored change of their properties [3]. Modifi ed sorbents exhibit several advantages over their ordinary analogs because 
of the combination of properties of the modifi ers and the surface characteristics of the solid matrix. An effective method for 
modifi cation of polymer surfaces is direct fl uorination. This can improve certain operational characteristics of polymeric 
materials including their sorbing properties [4]. Fluorination of polymers replaces a H atom by fl uorine and binds the latter 
to C=C and C–N bonds (with N substitution). Thus, determination of the chemical composition and structure of the modifi ed 
polymer is often ambiguous.

We have previously analyzed changes of electronic absorption spectra caused [5] by various amounts of functional 
groups in the structure of a urethane chain using quantum-chemical time-dependent density functional theory (TDDFT) [6] 
to model the electronic structure of isocyanates and carbamates. It was shown that the position of the absorption band in the 
electronic spectrum was determined mainly by the number of structural elements (phenyl and urethane groups) included 
in the carbamate. Time-dependent DFT methods are currently used successfully to solve spectral analysis problems [7–11] 
because a typical quantum-chemical calculation carried out in terms of TDDFT using, e.g., a B3LYP hybrid functional, gave 
energies of excited states that deviated from the experimental values by 0.4 eV [6].

Herein we present results of quantum-chemical TDDFT calculations of the characteristics of excited electronic 
states of two urethane representatives, i.e., methylphenylcarbamate (MPC) and 4,4′-diphenylmethane-bis(methyl)carbamate 
(DPMC), several H atoms of which were substituted by F atoms. The structures of various F-substituted carbamates and the 
infl uence of the conformations of such compounds on the electronic absorption spectra have not previously been studied 
using systematic quantum-chemical calculations. These urethanes included in their composition functional groups belonging 
to a typical polyurethane (urethane, phenyl, methyl, and methylene) and acted as structural models of the polymer fragments. 
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Fluorination of the organic molecules could cause substantial changes in their steric structure because the atomic radius of 
F is signifi cantly greater than that of H. Therefore, the electronic absorption spectra demonstrated a defi nite sensitivity to 
structural changes of the molecular systems. The shape of such spectra contained important information about the number 
and location of F atoms in the molecular structure.

Calculations. Spectral characteristics of the examined compounds were calculated using the applied quantum-
chemical program GAMESS-US [12, 13]. The results were visualized using the MacMolPlt [14] and ORTEP [15] programs. 
The presence of carbonyl and phenyl groups in MPC allowed it to be classifi ed as a molecular system for which intramolecular 
charge transfer (ICT) could be characteristic. According to the classifi cation of Freimanis [16], MPC should be considered a 
donor–acceptor system with a one-membered bridge where the phenyl group acts as the donor (D); the carbonyl, the acceptor 
(A); and the N heteroatom, the bridge. Freimanis noted [16] that spectra of compounds with a heteroatom (in particular, a 
N atom) by far do not always exhibit signs of ICT, in contrast with DA systems (in which the bridge is a C atom with sp3-
hybridization) that demonstrate, as a rule, clearly distinguished ICT bands. One of the possible reasons for this relates to the 
donor properties of the amine itself. Thus, a band near 250 nm in the absorption spectrum of aniline [17] corresponds to ICT 
from the amine to the phenyl.

It is well known [18–21] that methods for calculating electronic spectra that are based on a local density approximation 
(even taking into account gradient corrections) in terms of TDDFT do not always reproduce successfully the spectral and 
energy characteristics of the excited electronic states of molecular systems with intra- and intermolecular charge transfer. 
In this instance, one of the reasons for the errors in the calculations is the diffuseness of the ICT process (the sources of the 
errors has been analyzed in detail [19]). It is noteworthy that this fundamental inadequacy of the local density approximation 
does not appear for all molecular systems with ICT. Such a situation in general is characteristic of DFT calculations [22]. 
Therefore, single procedures or guidelines enabling a method (and also functional, basis, etc.) to be selected for an adequate 
calculation of a particular molecular system do not exist.

One method of accounting for diffuseness in ICT processes is the long-range correction (LRC) method [23, 18]. It is 
based on separation of a two-electron coupling operator into short-range and long-range parts. It is noteworthy that the LRC 
method is obviously aimed at correcting the characteristics of separate excited states (namely, with ICT) and not the whole 
system of levels.

The TDDFT/B3LYP/cc-pVDZ theory level has been used to calculate the spectral and energy characteristics of 
excited electronic states [24–27]. Because the B3LYP functional does not allow LRC corrections, BLYP [25, 26] and BLYP 
+ LRC functionals were also used. Compounds that a) had functional groups typical of MPC in their structure; b) were 
examples of molecules both without and with ICT; and c) were suffi ciently studied experimentally were examined initially 
in order to determine the adequacy of the various types of used approximations (reproduction of energies of excited states, 
oscillator strengths, ordering of energy levels).

Aniline and its 4-Cl-, 5-Cl-, and 5-F-substituted analogs in addition to benzene and benzaldehyde were used as such 
test subjects. Aniline and benzaldehyde were examples of compounds with ICT. The phenyl group acted as the acceptor in 
the former; as the donor, in the latter. Systems of singlet excited states of aniline and its halo-substituted derivatives were 
studied previously [17]. Experimental data for singlet and triplet states of benzene and benzaldehyde were reviewed [28, 29].

The following energy values were obtained for the lower electronic states of benzene in the B3LYP/cc-pVDZ 
approximation: T1 = 3.78, T2 = 4.73, T3 = 5.12, S1 = 5.46, S2 = 6.20, T4 = 7.24, S3 = 7.24 eV; in the BLYP/cc-pVDZ 
approximation: T1 = 4.04, T2 = 4.66, T3 = 4.98, S1 = 5.27, S2 = 6.06, T4 = 7.81, S3 = 6.93 eV; in the BLYP + LRC/cc-pVDZ 
approximation: T1 = 3.67, T2 = 4.89, T3 = 5.11, S1 = 5.50, S2 = 6.40, T4 = 7.57 eV. The corresponding experimental energies 
were: T1 = 3.9, T2 = 4.7, S1 = 4.78–5.20 (taking into account vibrational structure), T3 = 5.6, S2 = 6.20–6.53, T4 = 6.55, S3 
= 6.95 eV [28]. It can be seen that calculations using B3LYP and BLYP functionals in general reproduced successfully the 
experimental data with the exception of the ordering of the T3 and S1 states relative to the experimental values. A calculation 
using an LRC correction gave as expected poor results because ICT is uncharacteristic of benzene.

For benzaldehyde (the S0→S2 transition is accompanied by ICT from the phenyl to the carbonyl) in the B3LYP/
cc-pVDZ approximation, the following energies were obtained (for triplet states energies of only T1 and T2 are given; here 
and later normalized oscillator strengths are shown in parentheses): T1 = 3.09(0), T2 = 3.29(0), S1 = 3.65(0), S2 = 4.76(0.08), 
S3 = 5.28(1.0), S4 = 5.54(0), S5 = 6.34(0.60) eV; in the BLYP/cc-pVDZ approximation: T1 = 2.80(0), T2 = 3.41(0), S1 = 
3.26(0), S2 = 4.30(0), S3 = 4.36(0.07), S4 = 4.98(1.0), S5 = 5.66(0.01) eV; in the BLYP + LRC/cc-pVDZ approximation: T1 
= 3.17(0), T2 = 3.27(0), S1 = 3.79(0), S2 = 5.10(0.05), S3 = 5.60(0.81), S4 = 6.80(1.0), S5 = 6.92(0) eV. The corresponding 
experimental energies were T1 = 3.12, T2 = 3.23, S1 = 3.34, S2 = 4.51, S3 = 5.34, no data for S4, and S5 = 6.36 eV [29]. Thus, 



321

the calculation using the hybrid functional B3LYP agreed best with the experimental data because the functional BLYP gave 
zero oscillator strength for the S0→S2 transition with ICT and reduced the energy of the S3 state by almost 1 eV. Calculations 
with functionals BLYP and BLYP + LRC produced an incorrect ordering of the S4 and S5 states.

Functional BLYP gave the least elevated energies of the three versions of calculations for aniline (the S0→S2 
transition is accompanied by ICT from the amine to phenyl): in the B3LYP/cc-pVDZ approximation S1 = 4.81(0.29), S2 = 
5.63(1.0), S3 = 5.99(0.06) eV; in the BLYP/cc-pVDZ approximation S1 = 4.45(0.31), S2 = 5.31(1.0), S3 = 5.57(0.49) eV; in the 
BLYP + LRC/cc-pVDZ approximation S1 = 4.98(0.26), S2 = 5.86(1.0), S3 = 6.43(0.02) eV. The experimental energies were 
S1 = 4.23(0.17) [17], S2 = 4.60(0) [30], and S3 = 4.96(1.0) eV [17]. All three versions of the calculations gave an incorrect 
ordering of states. The calculation with functional BLYP increased the oscillator strength for the transition with zero intensity. 
For 4-Cl-aniline {B3LYP/cc-pVDZ: S1 = 4.46(1.0), S2 = 4.64(0) eV; BLYP/cc-pVDZ: S1 = 4.01(0), S2 = 4.12(1.0) eV; BLYP 
+ LRC/cc-pVDZ: S1 = 4.67(1.0), S2 = 5.44(0) eV; experimental energies [17] were S1 = 4.03(0.17), S2 = 4.90(1.0)}, calculations 
using B3LYP and BLYP + LRC gave zero oscillator strength for the transition with ITC whereas the calculation using BLYP 
decreased signifi cantly the energy of this state. For 5-Cl-aniline {B3LYP/cc-pVDZ: S1 = 4.13(0), S2 = 4.27(1.0), S3 = 4.80(0) 
eV; BLYP/cc-pVDZ: S1 = 3.50(0), S2 = 3.91(1.0), S3 = 4.19(0) eV; BLYP + LRC/cc-pVDZ: S1 = 4.49(1.0), S2 = 4.94(0), S3 
= 5.36(0.53) eV; the experimental energies [17] were S1 = 3.80(0.13), S2 = 4.81(0.51), S3 = 5.34(1.0) eV}, all calculations did 
not agree satisfactorily with the experimental values. The situation was analogous for 5-F-aniline {B3LYP/cc-pVDZ: S1 = 
4.93(1.0), S2 = 5.08(0) eV; BLYP/cc-pVDZ: S1 = 4.45(0), S2 = 4.54(1.0) eV; BLYP + LRC/cc-pVDZ: S1 = 5.06(1.0), S2 = 
5.50(0) eV; experimental energies [17] were S1 = 4.41(0.31), S2 = 5.23(1.0) eV}.

Thus, use of the TDDFT method (even for calculating the LRC) to model spectral and energy characteristics of –
excited states of DA-systems with ICT to a phenyl turned out to be unjustifi ed. This calculation method did in general give 
acceptable results for DA-systems with ICT from a phenyl. In this instance, calculation of the LRC did not signifi cantly 
improve them.

Results and Discussion. Equilibrium confi gurations were found for F-substituted MPC (Fig. 1a and b) upon 
replacing one H atom of the NH group (1-substitution), the C6H5 group (2-, 3-, 4-, 5-, and 6-substitution), and the CH3 
group (7-substitution); two (1,2-, 1,3-, 1,4-, 1,5-, 1,6-, 1,7-, 2,3-, and 2,6-substitution); three (1,2,6- and 7,8,9-substitution); 
four (2,3,5,6-substitution); and six H atoms (1,2,3,4,5,6-substitution). The fact that the proposed stable confi gurations of the 
substituted MPC molecules fell on stable points of the potential energy surface was confi rmed by calculating the Hessian. 
Three H atoms in the 1-, 2-, and 6-positions of DPMC could be substituted by F only in one part of the molecule (Fig. 1c). 
Energy characteristics (energies of states and the corresponding oscillator strengths) of 20 excited singlet electronic states 
were calculated for each of the confi gurations of F-substituted MPC; for DPMC, 30. Figure 2 shows model spectra (the 
positions of the longest wavelength absorption band maxima are shown).

Let us analyze fi rstly electronic absorption spectra of monofl uorinated MPC (Fig. 2, spectra 2–8). The structure of 
the MPC UV absorption spectrum at excitation energies up to 8.5 eV was in general retained upon replacing only one H atom 
by F. The longest wavelength band of weak intensity (analog of forbidden transition 1A1g→1B2u in the benzene spectrum with 
λ = 256 nm) was due to a ππ*-type transition. The pair of orbitals HOMO → LUMO + 1 (HOMO is the highest occupied; 
LUMO, the lowest unoccupied molecular orbital) contributed most to this transition with less signifi cant contributions of 
HOMO – 1 → LUMO and HOMO → LUMO orbital pairs. As a rule, this band upon monosubstitution experienced a very 
weak (~1.0–1.5 nm) hypsochromic shift relative to its position in the spectrum of MPC (248 nm, 5.00 eV). The exceptions 
were 4- and 6-substituted MPC, in the spectra of which the aforementioned band shifted to longer and shorter wavelength by 
10 and 2.5 nm, respectively. The bathochromic shift of 4-substituted MPC (spectrum 5) was due to noticeable redistribution 
of ring electron density as a result of the para-substitution; for 6-substituted (spectrum 7), the hypsochromic shift was due to 
a change of molecular structure. Steric hindrance of the F and carbonyl O atoms led to a deviation of the urethane group from 
the ring plane by ~57° (here and later, the deviation angle of urethane from the ring plane means the dihedral angle between 
the ring plane and the plane passing through the NC=O atoms). It is noteworthy that such a structural change could have an 
artifi cial nature for monosubstituted MPC because 2- and 6-substituted MPC were rotational isomers relative to the CN bond. 
Because the energy of the 2-substituted isomer was 37 kJ/mol less than that of the 6-substituted isomer, the latter was an 
unstable isomer. Formation of an intramolecular H-bond of the CF…HN type was possible in the structure of 2-substituted 
MPC. This could act as an additional stabilizing factor of the isomer.

The band near 227 nm (5.46 eV) in the spectrum of MPC was due to a ππ*-type transition. It also retained its 
position and relative intensity in spectra of monofl uorinated MPC with the exception of the obvious case of 1-substitution 
(spectrum 2), where the band at 230 nm (5.40 eV) had a long-wavelength satellite at 234 nm (5.30 eV). The pair of orbitals 
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HOMO→LUMO contributed most to this transition with the pairs of orbitals HOMO – 1→LUMO + 1 and HOMO→LUMO 
+ 1 contributing less signifi cantly. It should be emphasized that assigning absorption bands to certain types of transitions 
was somewhat arbitrary because up to 10 pairs of molecular orbitals contributed to several of the examined transitions. For 
example, this applied fully to a group of strong bands in the range 6.45-6.70 eV.

Fluorosubstitution in other positions (3-, 5-, and 7-) produced less signifi cant spectral changes. Because 3- and 
5-substituted MPC were rotational isomers, their spectra were practically identical (spectra 4 and 6). The aforementioned 
trends were also observed in UV spectra of disubstituted MPC derivatives (spectra 9–16). For 1,2- and 1,6-substituted 
derivatives (which were rotational isomers with the energy of the 1,6-substituted derivative greater by 18 kJ/mol than that of 
the 1,2-substituted isomer) and the 2,6-substituted MPC, steric hindrance between the two F atoms (in the fi rst case) or F and 
O (in the second and third cases) caused the urethane group to rotate relative to the ring plane by 57, 15, and 27°, respectively.

Structural changes upon 1,2- and 1,6-substitution led to considerable restructuring of the UV spectra (spectra 1, 
9, and 13). The band at 227 nm in the spectrum of MPC underwent a signifi cant bathochromic shift (by 30 and 26 nm, 
respectively), as a result of which it occurred at longer wavelength. This band for the 2,6-substituted derivative (spectrum 16) 
was also shifted (by 3 nm) to longer wavelength. The structures of spectra with disubstitution in other positions correlated in 
general with the corresponding data for the monosubstituted models. The appearance in spectra of the 1,2- and 1,6-substituted 
derivatives (spectra 9 and 13) of weak absorption bands in the range 5.7–6.4 eV (217–194 nm) and also in spectra of the 
other two disubstituted rotational isomers (1,3- and 1,5-substituted, spectra 10 and 12) of a band at ~193 nm (6.42 eV) was 
probably due to a change of the local symmetry of the phenyl electron density distribution as a result of the asymmetric 
F-substitution. The spectrum of 1,4-substituted MPC (para-substitution in the ring) did not show an absorption band in this 
region (spectrum 11).

Model spectra of 1,2,6-substituted (spectrum 17) and 1,2,3,4,5,6-substituted MPC (spectrum 21) confi rmed the 
aforementioned trends because the urethane group in the fi rst instance was rotated by 63° relative to the ring plane; in the 
second, by 73° (Fig. 1b). In this respect, the spectrum of 1,2,3,4,5,6-substituted MPC was most characteristic. The bands 
at 227 and 248 nm in the spectrum of MPC were shifted to long wavelength by 26 and 14 nm, respectively. New weak 
absorption bands appeared in the range 230–200 nm (5.4–6.2 eV), like for 1,2-substituted MPC.

Fig. 1. Equilibrium confi gurations of methylphenylcarbamate (a) with numbering of H 
atoms; 1,2,3,4,5,6-fl uoro-substituted MPC (b); and 1,2,6-fl uoro-substituted DPMC (c).
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Fig. 2. Model electronic absorption spectra of methylphenylcarbamate (1): 1- (2); 2- (3); 
3- (4); 4- (5); 5- (6); 6- (7); 7- (8); 1,2- (9); 1,3- (10); 1.4- (11); 1,5- (12); 1,6- (13); 1,7- 
(14); 2,3- (15); 2,6- (16); 1,2,6- (equilibrium structure) (17); 1,2,6- (planar structure) 
(18); 7,8,9- (19); 2,3,5,6- (20); and 1,2,3,4,5,6-fl uoro-substituted MPC (21); DPMC (22); 
and 1,2,6-fl uoro-substituted DPMC (23).
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Fluorination of the methyl (7,8,9-substitution, spectrum 19) had practically no effect on the structure of the UV 
spectrum. The molecular structures (urethane group rotated by 21°) and spectra were practically identical for 2,3,5,6-substitution 
and 2,6-substitution (spectra 20 and 16).

In contrast with the gas phase, the mutual positioning of the urethane fragments could be different in the polymer 
structure as a result of local effects. Therefore, additional calculations with "frozen" coordinates for rotation of the urethane 
group relative to the ring plane with a value of zero and optimization of the geometry over all other coordinates were performed 
for 1,2,6-substituted MPC. As a result, a molecular confi guration with an energy 55 kJ/mol greater than the equilibrium value 
and that obviously corresponded to a transition state was obtained. The structures of spectra of the equilibrium (spectrum 17) and 
planar confi guration (spectrum 18) of 1,2,6-substituted MPC also indicated that the conformational structures of urethane and 
its electronic absorption spectrum were related. The spectrum of the planar confi guration of the 1,2,6-substituted derivative 
experienced less signifi cant changes than MPC but noticeable ones. The S1 and S2 bands were shifted by 3 and 11 nm to longer 
wavelength.

Thus, all examined versions of F-substitution (with the exception of methyl fl uorination) produced more or less 
signifi cant changes in the molecular structure. In turn, this was refl ected in the positions of the absorption bands and; 
therefore, could act as a spectral signature of fl uorosubstitution. Fluorination of one of the DPMC fragments in the 1-, 2-, 
and 6-positions (Fig. 1c) also provided confi rmation of the noted trends, i.e., rotation of the urethane group by 64° was 
accompanied by characteristic restructuring of the UV absorption spectrum (spectra 22 and 23).

Conclusions. The electronic structures of fl uorinated MPC and DPMC based on quantum-chemical TDDFT modeling 
were analyzed using changes of electronic absorption spectra due to different numbers and mutual positions of F atoms in 
the urethane structure. It was found that substitution of H atoms closest to the urethane generated steric hindrance in the 
urethane structure and rotation of the urethane group by a signifi cant angle (~20°). The rotation of the urethane group could 
reach 60° and more upon additional fl uorination of the NH group. Such a structural change of the urethane was accompanied 
by characteristic signifi cant bathochromic shifts of the long-wavelength absorption bands. Fluorination of the ring meta-po-
sitions and the methyl had less signifi cant effects on the shape of the electronic spectra. The established trends could be used 
to study the surface structure and composition of polymeric sorbing fi lters and to solve problems of polymer conformational 
analysis and correlation analysis of the sorption properties of polyurethane foams. This is being addressed in the Laboratory 
of the Physical Chemistry of Polymers and Natural Organic Compounds, A. N. Sevchenko IAPP, BSU.
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