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The vibrational properties of two difluoroaminocarbonyl species were analyzed by recording the FTIR spectra
of the vapor for difluoroaminocarbonyl fluoride, F,NC(O)F, and difluoroaminocarbonyl isocyanate,
F,NC(O)NCO. Moreover, the Raman spectrum of liquid F,NC(O)NCO was obtained. Vibrational assignments
were made on the basis of a normal coordinate analysis and the evaluation of the band contours appearing in
the FTIR spectrum of the vapor. The conformational space of both difluoroaminocarbonyl derivatives were
studied by using the B3LYP and MP2 level of theory with extended basis sets [6-311+G(3df) and aug-cc-
pVTZ]. Only one conformation belonging to the C; symmetry point group is expected for F,NC(O)F, whereas
the overall evaluation of experimental and theoretical results suggests the existence of a mixture of two
conformers for F,NC(O)NCO at room temperature. Its relative abundance of the most stable syn form (C=0O
double bond syn with respect to the N=C=0 group) was estimated to be 56(5) %.

Introduction

Attempts to prepare difluoroaminocarbonyl fluoride,
F,NC(O)F, were first reported by Ruff and Giese in 1936.! When
trifluoronitrosomethane, CF;NO, contacts aqueous sodium hy-
droxide, nearly quantitative conversion to its isomer [F,NC(O)F]
occurs.> However, some controversies appeared when Haszel-
dine and Jander concluded that the earlier reported compound
was either perfluoroethane (C,Fg) or perfluoromethylamine
(CF;sNF,) and, therefore, that F,NC(O)F was elusive so far.
Finally, in 1965 Fraser et al.* synthesized F,NC(O)F through
ultraviolet irradiation of a mixture of tetrafluorohydrazine and
carbon monoxide. The chemistry of F,NC(O)F was further
extended by the same authors.® Subsequently, pseudohalide
derivatives NF,C(O)X (X = CN, NCO, NCS, and SCF;) were
prepared by reacting F,NC(O)CI with silver or mercury salts.°

The synthetic interest in difluoramines attracted considerable
attention, including the preparation of poly(difluoroamino)al-
kanes, difluoroaminoalkanols, and diazirines from aldehydes,
ketones, alkynes, alkenes, ethers, and imines.” Difluoramines
are also good candidates as energetic materials in rocket
propellant and explosives formulations. This chemical potential
derives from the intrinsically high energy of the difluoroamino
(—NF,) group relative to other substituents of oxidizing capabil-
ity in energetic ingredients, such as the nitro group (NO,).}

As a part of our general project concerning structural and
vibroconformational properties of covalent molecular species,
we became interested in two difluoraminocarbonyl molecules,
namely, F,NC(O)F and F,NC(O)NCO.

In particular, the conformational composition of simple
isocyanates has been difficult to predict and may also vary in
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different aggregation states. For example, acetyl isocyanate,
CH;C(O)NCO,’ shows dramatic conformational changes when
the compound is measured in the gas or in the liquid phase.
Furthermore, the conformational stability of XC(O)NCO (X =
F!011 CL12714 Br,> CH3,'%!7 and CF;!°) molecules in the vapor
state depends on the X substituent. Some controversy has been
also reported over the experimental and the calculated confor-
mational properties of simple isocyanates, challenging the
reliability of ab initio calculations. For instance, while the
vibrational spectra'®!? and gas electron diffraction studies for
CIC(O)NCO™ in both the gas and liquid phases are consistent
with the preference of the anti form (the isocyanate group anti
with respect to the C=0 double bond), most ab initio calcula-
tions predict the syn form as the most stable conformer.'*!8-20
On the other hand, the conformational properties of acetyl
isocyanate derivatives RC(O)NCO (R = CH,Cl;_>'**) and
CH,=CHC(O)NCO? have been reported recently, resulting in
a preferred syn conformation in the gas phase.

In this work, infrared measurements of gaseous difluorami-
nocarbonyl fluoride, F,NC(O)F, and difluoraminocarbonyl iso-
cyanate, F,NC(O)NCO, as well as extensive quantum chemical
calculations were made. The Raman spectrum of liquid
F,NC(O)NCO was also obtained. Thus, the vibrational and
structural properties were determined for both molecules.

Experimental Section

Caution! Nitrogen—fluorine-containing materials are strongly
oxidizing. Handling and freezing of such materials must always
be done with adequate precautions. The materials are potentially
hazardous and proper shielding should be used.

Synthesis. NF,C(O)F was synthesized by irradiation of a
mixture of N,F; and carbon monoxide according to the method
reported by Fraser and Shreeve.* F;NC(O)NCO was obtained
by reacting NF,C(O)F with excess of dry AgNCO following
the method reported elsewhere.® Both compounds were purified
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Figure 1. Internal coordinates for F,NC(O)X (X = F and NCO)
compounds.

by trap-to-trap distillation and the final purity was checked by
IR and "F NMR spectroscopy.

General Procedure. Volatile materials were manipulated in
a glass vacuum line equipped with two capacitance pressure
gauges (221 AHS-1000 and 221 AHS-10, MKS Baratron,
Burlington, MA), three U-traps, and valves with PTFE stems
(Young, London, UK). The vacuum line was connected to an
IR cell (optical path length 200 mm, Si windows 0.5 mm thick)
contained in the sample compartment of an FTIR instrument
(Impact 400D, Nicolet, Madison, WI). This allowed us to
monitor the purification processes and to follow the course of
the reactions. Pure compounds were stored in flame-sealed glass
ampules under liquid nitrogen in a long-term Dewar vessel. The
ampules were opened with an ampule key on the vacuum line,
an appropriate amount of the compound was taken out for the
experiments, and then the ampules were flame-sealed again.?®

Vibrational Spectroscopy. Gas-phase infrared spectra were
recorded with a resolution of 1 cm™! in the range 4000—400
cm™! with a Bruker IFS 66v FTIR instrument and Raman spectra
of liquid with a Bruker RFS 100/S FT-Raman spectrometer.
The liquid sample of F_NC(O)NCO was contained in a 4 mm
glass capillary and the spectrum excited with 500 mW of 1064
nm radiation from a Nd:YAG laser (ADLAS, DPY 301, Liibeck,
Germany).

Computational Methods. All quantum chemical calculations
were performed with the Gaussian 03 program package.?” MP2
and B3LYP methods and gradient techniques were used for the
geometry optimizations and calculation of the vibrational
properties, together with standard basis sets up to the Pople-
type 6-311+G(3df) and the augmented Dunning’s correlation-
consistent basis sets of valence triple-¢ (aug-cc-pVTZ). The
6-311+G(3df) basis set includes diffuse and polarization
functions and has been shown to be near the basis set saturation
limit when used with the B3LYP functional.?® For F,NC(O)F,
higher-order electron correlation effects were explicitly included
in the geometry optimization by using the CCSD(T)/6-3114+G*
level of approximation. Transition states were optimized by the
synchronous transit-guided quasi-Newton (STQN) method, and
torsional barrier heights were calculated from the relative
energies of the TS and the stable structure with the zero-point
energies of the species taken into account. All computed TS
structures show only one imaginary frequency, which corre-
sponds to the torsion involved in the conformational transition.
For the normal coordinate analysis, transformations of the ab
initio Cartesian harmonic force constants to the molecule-fixed
internal coordinates system were performed, as described by
Hedberg and Mills and implemented in the ASYM40 program.”
This procedure evaluates the potential energy distribution (PED)
associated with each normal vibrational mode under the
harmonic assumption. The internal and symmetry coordinates
used to perform the normal coordinate analysis are defined in
Figure 1 and Table 1, respectively.
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Figure 2. Calculated potential function (B3LYP/6-311+G*) for the

internal rotation around the N—C bond in F,NC(O)F.

Results and Discussion

Conformational Space and Molecular Structure of
F,NC(O)F. The potential function for the internal rotation
around the central N—C bond was derived by structure
optimizations at fixed S[FN—C(O)] dihedral angles. The
potential function obtained from the B3LYP/6-3114+G* method
is shown in Figure 2. The curve is symmetrical with respect to
a global maximum located at O[FN—C(O)] = 60°, with
equivalent minima at dihedral angles at around 140° and —30°,
corresponding to two nonplanar enantiomeric forms. Both
minima are connected through torsional transition states with
O[FN—C(0O)] = 60° and 250° (or —140°), with barriers for
internal rotation of 4.8 and 3.8 kcal/mol, respectively. These
transition states present Cs symmetry, with the FC(O) group
bisecting the NF, plane. The transition state structure with a
O[FN—C(0)] value of ca. 250° is located in a flat portion of
the potential curve.

The molecular structure for the minimum was fully optimized
by using several levels of theoretical approximations, including
the B3LYP method with the 6-3114+G(3df) and aug-cc-pVTZ
basis sets. An explicit electronic correlation was taken into
account by using the MP2/6-311+G(3df) and the high-level
CCSD(T)/6-311+G* approximations. Calculated geometric
parameters are listed in Table 2. All used computational methods
result in very similar molecular structures. In particular, when
the extended 6-311+G(3df) and aug-cc-pVTZ basis sets are used
at the significantly less costly B3BLYP level of approximation,
the computed geometrical parameters show little dependence
on the basis sets.

Conformational Space and Molecular Structure of
F>,NC(O)NCO. The potential energy curve around the N—C
single bond has been estimated by optimizing the molecular
geometry every 10° for constant values of the J[FN—C(O)]
dihedral angles (Figure 3). These curves resemble those previ-
ously obtained for F,NC(O)F. Moreover, similar curves are
obtained for structures with mutual syn and anti orientation of
the C=0O with respect to the N=C bonds. Thus, the global
minimum corresponds to a structure with S[FN—C(O)] ~ 140°
and syn orientation of the carbonyl group with respect to the
isocyanate group [0(O=C—N=C) = 0°]. The anti conformer,
with 6(0=C—N=C) = 180°, lies higher in energy by an amount
of around 1 kcal/mol.
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TABLE 1: Symmetry Coordinates for F,NC(O)F and F,NC(O)NCO
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symmetry coordinate

description F,NC(O)F F,NC(O)NCO
N=C=O0 antisymmetric stretching S, =2""E~-F)
C=O0 stretching S =A S$H=A

N=C=0 symmetric stretching
NF, antisymmetric stretching

NF, symmetric stretching
C—N stretching

C—F and C—NCO stretching

out-of-plane C=0
NC(O) deformation
NC(O) rocking

NF, twisting

NF, wagging

NF, deformation (scissor)
N=C=0 deformation
C—N=C deformation
out-of-plane N=C=0
C—NF, torsion
C—NCO torsion

S, =2""(C) — Gy
S3=2""(C, + )
S4 =B

S5 =D

S6 =N

5= 612026 = 8~ p)
Ss=2""2(6 — p)

So =2""(e; — &)
Sio=2"(e; + &)

S = ﬁ

Sp=1

S;=2""2(E+F)
Sy =27"(C) = Cy)
Ss=2""(C, + Gy
Sﬁ =B

S7 =D

Sx =N

5= 67220~ 5~ p)
Sio=2""%0 - p)

S =2"(e; — &)
S =2""(e; + &)

S|4 =T
S|5 - l
Sis =7y
S =1
Sis =12

TABLE 2: Computed Geometrical Parameters (distances in ;&, angles in deg) for F,NC(O)F at Different Levels of Calculation

B3LYP
MP2/6-311+G(3df) 6-311+G(3df) Aug-cc-pVTZ CCSD(T)/6-311+G*
N—F¢ 1.372 1.378 1.387 1.373
C—N 1.456 1.455 1.455 1.463
C=0 1.177 1.171 1.173 1.173
C—F 1.316 1.320 1.323 1.316
F-N-F 104.1 104.4 104.2 103.9
F—N—-C¢ 106.0 107.5 107.4 106.4
N—-C=0 125.8 125.6 125.9 125.8
N—C-F 107.4 107.9 107.9 107.6
F-N—-C=0 134.3 139.1 139.4 134.2

¢ Averaged values.

TABLE 3: Calculated Relative Energies Corrected by
Zero-Point Energy (kcal/mol) for F,NC(O)NCO

B3LYP

6-311+G(3df) aug-cc-pVTZ MP2/6-311+G(3df)
syn anti syn anti syn anti
AE®  0.00° 0.28  0.00 0.35  0.00° 0.18

@ EY = —535.870 564 hartree. * E° = —535.883 48 hartree. ¢ E° =
—534.927 898 2 hartree, zero-point corrections calculated at the
B3LYP/6-311+G(3df) level of theory.

Additionally, full geometry optimizations and frequency
calculations were accomplished for each of the stationary
structures at high-levels of theoretical approximations, which
include B3LYP and MP2 methods with the 6-311+G(3df) and
the B3LYP/aug-cc-pVTZ levels of approximation. Predicted
relative energies corrected by zero-point calculations, AE?, are
listed in Table 3. These calculations compute the existence of
two stable forms of F,NC(O)NCO, all methods agreeing with
the fact that the lower energy form corresponds to the syn
conformer, with the anti form being higher in energy by on the
order of 0.5 kcal/mol. By taking into consideration the calculated
AG° values at the B3LYP/6-311+G(3df) level of approximation
(AG® = 0.26 kcal/mol), a relative abundance of 39.2% of the
less stable anti form is expected to be present in the vapor of
F,NC(O)NCO at room temperature. The optimized molecular
structures for syn and anti conformers are shown in Figure 4,
and the computed geometrical parameters are given in Table 4.

TABLE 4: Computed Geometrical Parameters (distances in
A, angles in deg) for Syn and Anti Conformers of
F>,NC(O)NCO at Different Levels of Calculation

B3LYP aug-cc-pVTZ MP2 6-311+G(3df)

parameter syn anti syn anti
N—F* 1.386 1.390 1.375 1.379
C—N(sp?) 1.471 1.492 1.468 1.486
C=0 1.190 1.186 1.193 1.189
C—N(sp?) 1.381 1.373 1.383 1.377
N=C 1.219 1.217 1.228 1.228
NC=0 1.154 1.154 1.160 1.161
F—N-F 103.8 103.3 103.7 103.3
F—N—C* 107.6 107.0 107.3 105.8
N—-C=0 121.7 120.5 122.3 121.8
N=C=0 128.8 126.2 129.3 126.3
N—-C—N 109.1 112.9 108.1 111.2
C—N=C 130.5 1359 129.3 131.5
F—N—-C=0 139.3 139.1 134.8 130.4
N—C—N=C 176.4 —10.9 176.6 -59

“ Averaged values.

Vibrational Analysis. To our knowledge, no detailed vibra-
tional studies on NF,C(O)F nor NF,C(O)NCO have been
performed. Although the IR spectra were reported previously,>®
they have been only used as purity criteria, without any band
assignments. Moreover, no reports of the Raman spectrum of
difluoroaminocarbonyl compounds exist in the literature. We
have expanded the previously reported data by searching both
the vapor infrared and liquid phase FT-Raman spectra. Figures
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Figure 3. Calculated potential function (B3LYP/6-311+G*) for the
internal rotation around the N—C bond for syn (@) and anti (H)
F,NC(O)NCO.
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Figure 4. Molecular models for syn and anti conformers of
F,NC(O)NCO.

5 and 6 show the FTIR spectrum of gaseous F,NC(O)F and the
FTIR and Raman spectra of gaseous and liquid F,NC(O)NCO,
respectively. Furthermore, frequency calculations at the B3LYP
level with 6-311+G(3df) and aug-cc-pVTZ basis sets have been
performed to complement the experimental results. The observed
band positions in the IR and Raman spectra together with
calculated wavenumbers are collected in Tables 5 and 6 for
F.NC(O)F and F,NC(O)NCO, respectively. The approximate
description of the modes is based on the calculated displacement
vectors for the fundamentals, as well as on comparison with
the spectra of related molecules.**>* Furthermore, the PED
associated with each normal vibrational mode has been calcu-
lated under the harmonic assumption. All normal modes of
vibration in both NF,C(O)F and NF,C(O)NCO are active in
the IR and Raman spectra in the C; symmetry group. From the
PED analysis, it becomes clear that many vibrations have a high
degree of mixture. Therefore, tentative assignments for char-
acteristic and intense spectral features in the vibrational spectra
of the molecules are discussed.

The most intense band in the IR spectrum of NF,C(O)F
appears centered at 1909 cm™!, showing a clear B-type contour,
and can be attributed with confidence to the C=O0 stretching
fundamental mode. The C—F stretching mode [v(C—F)] is
observed at 1211 cm ™! as an intense and well-structured hybrid
AC-type band. The two broad bands of medium intensity
centered at 1050 and 971 cm™', can be assigned to the NF,
symmetric and antisymmetric stretching modes, respectively,
in comparison with the absorptions appearing at 951 and 852
cm™! and at 1029 and 904 cm™! in the infrared spectra of
F,NCF;* and F.NOCF;,*® respectively. Two other bands of
medium intensity with well-defined A and C rotational contours
are observed at 838 and 769 cm™! and were assigned to the
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Figure 5. Gas phase FTIR at 7.0 mbar (glass cell, 200 mm optical
path length, Si windows, 0.5 mm thick) for F,NC(O)F. The molecular
model for F;NC(O)F and main axes of inertia are also shown (the c-axis
is perpendicular to the plane formed by the a- and b-axes).
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Figure 6. Gas-phase FTIR at 1.4 mbar (glass cell, 200 mm optical
path length, Si windows, 0.5 mm thick) and liquid Raman spectra for
F,NC(O)NCO.

fundamental N—C stretching and to the out-of-plane (carbonyl)
deformation modes, respectively. Their band envelopes agree
with the relative orientation of the vibrating groups with respect
to the principal moments of inertia (Figure 5).

For F,NC(O)NCO, a strong infrared absorption in the
2280—2250 cm! region is characteristic of the isocyanate
functional group.’®3” The v,(NCO) stretching vibrational mode
appears at 2277 cm™! as an intense band in the gas-phase
infrared spectrum with a weaker counterpart in the Raman
spectrum of the liquid compound (2262 cm™!). On the other
hand, the corresponding symmetric motion is observed as an
intense signal in the Raman spectra centered at 1458 cm™!,
which correlates with the medium intensity absorption observed
in the infrared spectra at 1445 cm™! (see Figure 6).

Two clear absorptions centered at 1836 and 1808 cm™! with
A and B contour, respectively, are observed in the CO stretching
region of the gas-phase infrared spectrum (see Figure 7). These
bands represent a signature of conformational equilibrium, as
will be discussed in the next section. In the Raman spectrum
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TABLE 5: Observed and Calculated Vibrational Data (cm™!) for F,NC(O)F

B3LYP*
IR (gas) band contour MP26-311+G(3df)* 6-311+G(3df) aug-cc-pVTZ tentative assignment (PED)
1914 R —
1904 P B 1938 (276) 1944 (327) 1936 (325) v(C=0) (100)
1217 R
1211 Q AC 1248 (201) 1213 (191) 1209 (195) »(C—F) (55) + v(N—C) (30) + 6(NCO) (15)
1206 P
1050 1092 (139) 1071 (152) 1065 (147) v(N—F) (50) + v(C—F) (25) + 6(NF,) (10)
1036
971 1013 (64) 982 (88) 976 (91) V.(N—F) (75) + v(N—F) (25)
968
963
932 sh
846 R
838 Q A 858 (28) 824 (37) 821 (36) v(N—C) (40) + oop(C=0) (35) + (N—C=0) (20)
830 P
775 R
769 Q C 787 (44) 780 (48) 777 (48) 00p(C=0) (35) + (C=0) (20) + v(N—C) (20)
760 P
581 594 (5) 580 (3) 578 (3) 0(C=0) (40) + »(N—C) (20) + p(NF,) (15)
537 558 (7) 542 (7) 540 (7) O(NF,) (50) + p(C=0) (20) + d.,(NF,) (15)
485 (6) 472 (8) 470 (8) p(C=0) (40) + 64(NF,) (30) + 6(C=0) (20)
341 (5) 332 (6.8) 331 (7) p(NF,) (75) + oop(C=0) (20)
280 (3) 274 (2.8) 273 (2.9) 0.(NFy, (60) + p(C=0) (30)
80 (0.8) 82 (0.7) 81 (0.7) T(N—C) (85)

@ Calculated intensities are given in parentheses.

TABLE 6: Observed and Calculated Vibrational Data (cm™!) for F,NC(O)NCO
B3LYP/aug-cc-pVTZ?

IR (gas)* band contour Raman (liquid) syn anti tentative assignment (PED)“
2277 2262 2338 (1295) 2342 (1191) v, (NCO) (100)
1840 R
1836 Q A 1813 1861 (616)  »(C=O0) (100) (anti)
1829 P
12(1)421 g B 1799 1831 (363) v(C=0) (100) (syn)
1445 1458 1490 (236) 1504 (104)  v(NCO) (70) + v,((C—N) (20)
1417 sh
1229 R
1220 P B 1206 1157 (94) Vas(C—N) (50) + v(NF,) (25) + v(NCO) (10) (syn)
1137 1131 1105 (40) Vos(C—N) (50) + v(NF,) (25) + v(NCO) (10) (anti)
1094 1093 1001 (241) 1005 (264)  v(NF,) (50) + v{(NCO) (15) + v(C—N) (10) + v,,(C—N) (10)
996 R
988 Q AC 982 965 (144) VasNF> (95) (syn)
980 P
955 947 939 (62) VasNF> (95) (anti)
929 sh
824 825 814 (93) 801 (11) v(C—N) (50) + 00op(C=0) (25) + O4(F.NC) (20)
787 R
780 Q C 776 782 (47) 686 (17) 00p(C=0) (50) + p(C=0) (15) + O4(F,NC) (10) + 6(NCO) (10)
773 P
ggé }13 B 691 639 (8) 658 (35) O(N = C=0) (50) + v{(C—N) (15) + v,((C—N) (10)
653 636 621 (22) 612 (25) 00p(NCO) (90)
611 603 552 (6) 541 (0.8) 0(C=0) (45) + 6(NCO) (30) +0(NF,) (15)
551 521 517(13) 504 (5) O(NF,) (50) + p(C=0) (10) + J,(F,NC) (10)
541
462 434 436 (4) 468 (15) 0,5(FoNC) (40) + O(NF,) (20) + p(C=0) (10)
338 335 (5) 340 (4) 0s(FoNC) (70) + 0op(C=0) (20)
271 266 (1) 296 (7) pC=0 (40) + 0,(F.NC) (30) + 00p(NCO) (10)

107 (0.6) 108 (0.1) O0(C—N=C) (85) + ©(C—NCO) (10)

87(1.2) 102 (1.5) 7(C—NCO) (60) + z(N—C) (30)

61 (0.1) 40 (0.1) T(N—C) (90) + ©(C—NCO) (10)

“ Tentative assignments for low-intensity nonfundamental modes: 3708 cm™! [v,(N=C=0) + v(N=C=0)], 3648 cm™' [2 x »(C=0)],
3361 cm™! [V, (N=C=0) + v(NF,)], 3263 cm™! [»(C=0) + v (N=C=0)], 2926 cm™! [v(C=0) + v(NF,)], 2810 cm™! [2 x v(N=C=0)]
2215 em™' [»(C=0)+ 0,(F,NC)]. ? Calculated intensities are given in parentheses. ¢ Unless indicated, band assignment and PED values
correspond to the most stable conformer.
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TABLE 7: Rotational Constants (cm™!), Asymmetry Parameters,” and P—R Branch Separation (cm™ ') Calculated at the

MP2/6-311+G(3df) Level for F,NC(O)F and F,NC(O)NCO

Av(PR)
A B C o* p S(B) Al B(l) C)
F,NC(O)F 0.1859 0.1237 0.0780 —0.154 0.872 0.5028 1.349 17.0 12.6 25.6
F,NC(O)NCO syn 0.1707 0.0405 0.0334 —0.896 3.389 3.212 1.192 10.3 8.6 15.5
anti 0.1308 0.0532 0.0387 —0.685 1.732 1.460 1.272 11.0 8.6 16.4

@ Asymmetry parameters: k= 2B — A — O)/(A — O), p* = (A — OB, B + 1 = A/B (prolate top), log S(8) = 0.712/(8 + 4)"'3. »P—R
band separation are defined and calculated according to the method of Seth-Paul.*’

Absorbance

ot 1
1860 1840 1820 1800 1780 1760

Wavenumber (cm” I )

Figure 7. C=0O0 vibrational stretching region in the IR spectrum of
gaseous F,NC(O)NCO at 3.5 mbar (glass cell, 200 mm optical path
length, Si windows, 0.5 mm thick). The principal axes of inertia are
shown for the two rotamers in equilibrium (the c-axis is perpendicular
to the plane formed by the a- and b-axes).

of liquid F,NC(O)NCO, the carbonyl signal is observed as an
intense band with two maxima at 1813 and 1799 cm ™', a further
indication of rotational isomerism, now in the liquid phase. The
N—F stretching modes of the NF, group are assigned to the
bands at 1094 and 988 cm™' caused by the symmetric and
antisymmetric group motions, respectively. For the v,(NF,)
normal mode, the calculation at the B3LYP/aug-cc-pVTZ level
predicts a difference of 26 cm™! between the syn and anti forms,
being anti at lower frequencies. Thus, the weak absorptions at
955 cm™! is tentatively assigned to the v,(NF,) fundamental
mode of the anti form. It should be noted that a similar split
(982 and 947 cm™!) is observed in the Raman spectrum.

Finally, two strong signals at 691 and 338 cm™! are observed
in the Raman spectrum of liquid F,NC(O)NCO, tentatively
assigned to deformation modes of the isocyanate and diflu-
oramine moieties, respectively. For both compounds, the rest
of the vibrational data is listed in Tables 5 and 6.

Vapor Contour Calculation. A detailed comparison between
calculated and observed band contours in the vapor infrared
spectra has been successful in establishing the main conforma-
tions of molecules.’*** The infrared spectrum of F,NC(O)F
shows the presence of absorptions with well-defined band
contours. Some of the bands in the spectrum of F,NC(O)NCO
also show contours. Calculated rotational constants (cm™!) and
molecular parameters, together with estimated Av(PR) values
(separation between P and R branches, in cm™!) are collected
in Table 7.

The symmetry parameter (k= —0.15) calculated [MP2/6-
311+G(3df)] for NF,C(O)F indicates that the molecule can be
classified as a prolate asymmetrical top. The meaning of the A,
B, and C band contours originated from the relative orientation
of the transition dipole moments with respect to the a, b, and ¢
main axis of inertia of the conformer, respectively. The
separation between P- and R-branches was obtained according
to Seth-Paul.*’ The results of these calculations are 17 and 26
cm™! for the separation between the P- and R-branches of the
A and C bands, respectively, and 13 cm™! for the B-type band.
As gathered in Table 5, similar separation values are observed
in the gas phase spectrum of NF,C(O)F, which confirm the
proposed structure for the molecule.

Both forms of F,NC(O)NCO can also be classified as prolate
asymmetrical top conformers, with symmetry parameter x =
—0.90 and « = —0.69 for the syn and anti forms, respectively.
The expected separation between P- and R-branches calculated
for both conformers are very similar, with values of 10 and 16
cm™! for A and C bands, respectively, and 9 cm™' for the B
band type. As expected, the predicted values for the PR
separations for the two rotamers are similar (Table 7). It is
important to note that structural changes should affect specific
force constants for each conformer, making possible their
identification in the vibrational spectra. In particular, it is well-
known that the »(C=0) normal mode of vibration is a good
sensor to establish conformational properties of carbonyl-
containing molecules.***!*2 Thus, for XC(O)NCO (X = F, Cl,
CH;0, CH;3CH,0, and CHj;S) isocyanates, two bands were
observed in the carbonyl stretching region, with well-defined
rotational contours.’”** The carbonyl stretching region of the
infrared spectrum of F,NC(O)NCO in the vapor phase is shown
in detail in the Figure 7. Two absorptions with well-defined
rotational contours become evident in this spectrum. The
analysis of the band envelopment allows assigning these bands
to the syn and anti forms in a straightforward manner. In effect,
because the almost parallel orientation of the carbonyl oscillator
with respect to the principal axis of inertia b, a B-type band is
expected for the ¥(C=0) stretching mode of the syn form.
Similarly, a nearly pure A-type band is expected for the anti
conformer. Indeed, as observed in Figure 7, the red-shifted C=0
stretching band centered at 1808 cm™! shows a B contour,
whereas the second band at 1836 cm™' shows a net A form.
Moreover, the assignment of the absorption at higher frequencies
to the C=0 normal mode of vibration of the second stable anti
conformer of F,NC(O)NCO is also supported by the calcula-
tions. The calculated frequency difference (B3LYP/aug-cc-
pVTZ) for this mode between the two conformers is 30 cm™!,
in very good agreement with the experimentally observed value
in the gas-phase spectrum (28 cm™!). It should be stressed,
however, that the band assigned to the anti form is more intense
than band assigned to the more stable syn conformer. This rather
astonishing behavior could be rationalized by noticing that the
calculated absorption coefficient for the ¥(C=0) mode in the
anti form is about twice higher than that of the syn conformer
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(616 and 363 km/mol, respectively at the B3LYP/aug-cc-pVTZ
level of approximation, see Table 6).

The conformational composition calculated from the inte-
grated area of both carbonyl bands in the vapor IR spectrum,
taking into account the computed absorption coefficient for each
mode, results in a relation of 56(5)% of the more stable syn
conformer at room temperature (the estimated error limit
includes uncertainties in the measured areas).

Conclusions

Conformational, structural, and vibrational properties of
F>NC(O)F and FrNC(O)NCO have determined on the basis of
a detailed analysis of the corresponding infrared and Raman
spectra. Only one conformation belonging to the C; symmetry
point group is expected for FoNC(O)F, whereas the overall
evaluation of experimental and theoretical results suggests the
existence of a mixture of two conformers for F;NC(O)NCO at
room temperature. From the evaluation of the infrared spectrum,
the relative abundance of the most stable syn form (C=O double
bond syn with respect to the N=C=0 group) was estimated to
be 56(5)% in the gas phase.
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