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Infrared (gas) and Raman (liquid) spectra of sulfur tetrafluoride methylimide, CH3N@SF4, were recorded
and interpreted. Structural, vibrational and configurational properties were derived from quantum chem-
ical calculations [HF, MP2 and B3LYP methods with 6-311+G(2df,p) basis sets]. The assignment of the
normal modes of vibrations was carried out by comparison with analogous molecules and with calcu-
lated frequencies and intensities. All theoretical approaches predict the existence of a unique form in
the fluid phases which possesses CS symmetry, in good agreement with experimental results.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

During the past years our group has been interested in the study
of structural and vibrational properties of sulfur-nitrogen com-
pounds, particularly those containing tri-coordinate and tetra-
coordinate sulfur atoms. Thus, series of imido compounds of the
type RN@SX2 (X@Cl, F, CF3; R@FCO, CF3, CF3CO, FSO2, ClSO2, CN)
[1–6] and oxide difluoride imides of the type RN@SOF2 (R@FCO,
CN, SFO2, F5S) [7–10] have been analysed by infrared and Raman
spectroscopy, by joint analyses of gas electron diffraction (GED)
and microwave spectroscopy and by quantum chemical calcula-
tions at different levels of theory. In order to extent this series of
sulfur–nitrogen molecules, we now start the study of systems con-
taining penta-coordinated S(VI). We are interested particularly in
studying sulfur tetrafluoride imides, since only few members of
this class of compounds are known.

In this context, we present here a vibrational analysis of sulfur
tetrafluoride methylimide, CH3N@SF4, based on the observed fea-
tures in the IR and Raman spectra of the compound and supported
by quantum chemical predictions of its vibrational behaviour. This
study completes the structural analysis for this compound, based
on gas electron diffraction, microwave and NMR spectroscopy,
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which was published by Günther et al. [11]. Results derived from
this structural analysis were consistent with the presence of a un-
ique stable structure with the CH3 group in axial orientation, i.e. in
the axial plane of the SF4 group, and with the N@S bond in the
equatorial plane of the SF4 group (see Chart 1). It was also reported,
that the mean axial bond length is larger than the equatorial one,
as was observed in related molecules, like O@SF4 [12] and CH2@SF4

[13]. Furthermore, the axial SAF bond in syn orientation with re-
spect to the nitrogen lone pair is considerably shorter than the ax-
ial bond in the direction of the nitrogen substituent. These different
axial SAF bond lengths were rationalized by distortion of the bipy-
ramidal SF4 entity from C2v to CS symmetry, due to the presence of
the nitrogen substituent.

2. Experimental

CH3N@SF4. was prepared according to the method reported in
reference [14]. The gas FTIR spectrum was registered with a Bruker
IFS 66v FTIR spectrometer by using a 10 cm path-length cell
equipped with KBr windows (pressure: 2 Torr, resolution
1 cm�1). A Bruker RFS 100/S FT Raman spectrometer was used to
obtain the liquid Raman spectrum of the CH3N@SF4 molecule
(resolution 2 cm�1). The liquid sample was handled in glass
capillaries at room temperature.
3. Quantum chemical calculations

The geometric structure of CH3N@SF4 was optimized with HF,
MP2 and B3LYP methods and 6-311+G(2df,p) basis sets. The
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Chart 1.

Table 1
Principal Experimental and Calculated Geometric Parameters for CH3N@SF4

a (without
parameters defining positions of hydrogen atoms).

Experimental
datab

Theoretical data

HF/6-
311+G(2df,p)

MP2/6-
311+G(2df,p)

B3LYP/6-
311+G(2df,p)

N@S 1.480(6) 1.460 1.494 1.495
SAF3,4 1.567(4) 1.518 1.567 1.587
SAF1 1.643(4) 1.590 1.640 1.660
SAF2 1.546(7) 1.553 1.591 1.605
NAC 1.441(16) 1.456 1.464 1.466
F3SF4 102.6(0.2) 104.7 103.1 103.0
NSF1 98.4(0.4) 98.5 99.1 99.3
NSF2 94.6(0.4) 94.5 93.8 94.1
F1SF2 167.0(0.6) 166.8 167.0 166.6
SNC 127.2(1.1) 125.1 122.2 123.8

a Bond lengths in Å and angles in degrees. See Fig. 1 for atom numbering.
b See Ref. [11]
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structure with atom numbering is shown in Fig. 1 and geometric
parameters are summarized in Table 1 together with experimental
values derived by a combined gas electron diffraction/microwave
study. Vibrational frequencies and relative intensities were calcu-
lated with the same methods and are included in Table 2.

The calculations result in staggered orientation of the CH3 group
relative to the N@S bond. This is in contrast to the experimental re-
sult where an eclipsed orientation was slightly favoured. However,
microwave rotational constants do not depend on the orientation
of the methyl group and electron diffraction intensities are rather
unsensitive towards the orientation of this group. A noteworthy
structural feature of CH3N@SF4 is the strong distortion of the SF4

group from C2v to CS symmetry. The experimental difference be-
tween the N@SAF1 and N@SAF2 angles of 3.8(0.6)� is well repro-
duced by the calculations (4.0–5.3�). On the other hand, the large
experimental difference between the two axial SAF bond lengths,
(SAF1)A(SAF2) = 0.097(9) ÅA

0

, is underestimated by these calcula-
tions. Predicted differences vary between 0.037 (HF) and 0.055 ÅA

0

(B3LYP). Intuitively, the long SAF1 bond which is oriented trans
to the nitrogen lone pair and cis to the NACH3 bond (see Chart 1
and Fig. 1) could be interpreted by a strong orbital interaction
(anomeric effect) between the nitrogen lone pair and the antibond-
ing SAF1 orbital, lp(N)?r*(SAF1). This interaction is expected to
populate the r*(SAF1) orbital and, thus, to lengthen this bond.
However, a natural bond orbital (NBO) analysis which was per-
formed with the MP2 wave function demonstrates that the orbital
interaction between the nitrogen lone pair and the cis oriented
SAF2 bond is stronger than that with the trans orientated SAF1
bond. Thus, this anomeric effect would lead to a longer SAF2 bond
compared to SAF1, in contrast to experimental and theoretical re-
Fig. 1. Molecular model for CH3N@SF4.
sults. On the other hand, the NBO population of the r*(SAF1) orbi-
tal is indeed higher than that of the r*(SAF2) orbital, in agreement
with the longer SAF1 bond. A detailed analysis of the NBO interac-
tions reveals that the higher population of the r*(SAF1) orbital is
predominantly due to interactions with the r orbitals of the S@N
and of the equatorial SAF bonds.

In addition to these calculations, the potential function for
pseudorotation was derived with the B3LYP/6-311+G(2df,p) meth-
od by optimizing structures for various fixed equatorial F–S–F an-
gles. With increasing equatorial bond angle rotation around the
S@N bond by 90� from the initial axial orientation to the final axial
orientation occurs. The predicted barrier to pseudorotation is
11.9 kcal/mol, slightly higher than the experimental value of
10.0 kcal/mol, which was estimated from the approximate coales-
cence temperature of �30 �C in the NMR spectra [11]. All calcula-
tions were performed with the GAUSSIAN03 program system [15].

4. Vibrational spectra

Infrared and Raman spectra of the gaseous and liquid phases,
respectively, which were recorded at room temperature, are shown
in Fig. 2. The observed features in the IR and Raman spectra are
consistent with the existence of a single conformer. Thus, a struc-
ture possessing CS symmetry, as derived by theoretical calculations
and by previous experiments [11] was used in the analysis of the
vibrational spectra. The expected 24 normal modes of vibration
have been assigned on the basis of characteristic wavenumbers
and taking into account the calculated vibrational frequencies
and intensities for this compound. In addition, molecules possess-
ing the CH3NA and AN@SF4 moieties were considered as reference
of vibrational behaviour. Thus, experimental and calculated fre-
quencies of CH3N@S(CF3)2 [16] and CH3N@S(F2) @NCH3 [17], as
well as theoretical vibrational spectra obtained for FN@SF4 and
CF3N@SF4 were used in the analysis of the fundamental modes. Ta-
ble 2 lists the experimental and calculated wavenumbers together
with a tentative assignment for CH3N@SF4. In general, good agree-
ment exists between the experimental and the calculated frequen-
cies and relative intensities derived by the different methods (HF
(scaled by 0.9) and unscaled B3LYP and MP2 values derived with
the 6-311+G(2df,p) basis sets). Some experimental wavenumbers
were reproduced closer by the B3LYP method, others by the MP2
approximation.

At the highest wavenumbers in the vibrational spectra of
CH3N@SF4 three bands were observed, which could straightfor-
wardly be associated with the two asymmetric and the one sym-
metric stretching modes of the CH3 group. They are centered at



Table 2
Experimental and calculated wavenumbers (cm�1), and tentative assignments of the fundamental modes for CH3NASF4.

Mode Approximate descriptiona Experimentalb Calculatedc

IR (gas) Raman (liquid) HF 6-311+G (2df,p)d B3LYP 6-311++G (2df,p) MP26-311+G(2df,p)

m1 (A0) CH3 asym. stretch. 3007 (28) 3006 (12) 2945 (4) 3126 (2) 3195 (1)
m2 (A0 0) CH3 asym. stretch. 2966 (41) 2961 (47) 2929 (5) 3118 (3) 3184 (2)
m3 (A0) CH3 sym. stretch. 2914 (20) 2904 (14) 2871 (10) 3049 (8) 3090 (6)
m4 (A0 0) CH3 rocking 1473 (29) 1475sh (6) 1466 (1) 1499 (2) 1527 (2)
m5 (A0) CH3 scissoring 1462 (28) 1464 (8) 1455 (5) 1491 (3) 1514 (<1)
m6 (A0) CH3 sym. def. 1437 (18) 1433 (6) 1436 (<1) 1465 (<1) 1479 (<1)
m7 (A0) N@S stretch. 1313 (98) 1302 (15) 1329 (92) 1300 (64) 1351 (63)
m8 (A0) CH3 wagging – 1127 (5) 1132 (<1) 1145 (<1) 1160 (<1)
m9 (A0 0) CH3 twisting – 1127 (5) 1120 (<1) 1136 (<1) 1152 (<1)
m10 (A0) CAN stretch. 951 (95) 945 (3) 958 (39) 937 (35) 978 (33)
m11 (A0 0) FSF eq. asym. stretch. 854 (98) 843 (4) 895 (53) 802 (55) 851 (54)
m12 (A0) FSF ax. asym. stretch. 816 (100) 781 (6) 828 (100) 785 (100) 823 (100)
m13 (A0) SF4 sym. stretch. 716 (74) 710 (100) 757 (7) 677 (19) 715 (16)
m14 (A0) NSF eq. o.o.pl. def. 621 (36) 617 (8) 623 (8) 596 (3) 616 (4)
m15 (A0) SF4 sym. def. 560 (58) 550 (11) 580 (2) 534 (3) 561 (3)
m16 (A0) SF4 asym. stretch. 513 (68) 511 (20) 562 (7) 522 (5) 550 (6)
m17 (A0) NSF4 wagging – 493 (17) 532 (<1) 496 (7) 516 (<1)
m18 (A0 0) SF eq. Rocking – 493 (17) 525 (<1) 493 (<1) 511 (6)
m19 (A0 0) SF ax. Rocking – – 505 (7) 470 (2) 497 (2)
m20 (A0) NSC i.pl. def. – 268 (12) 287 (<1) 268 (2) 287 (2)
m21 (A0 0) NSC o.o.pl. def. – 243 (14) 267 (1) 266 (<1) 273 (<1)
m22 (A0) FSF scissoring – 151 (14) 245 (<1) 229 (<1) 244 (<1)
m23 (A0 0) CH3NS torsion – 83 (11) 123 (<1) 138 (<1) 155 (<1)
m24 (A0 0) CH3 torsion – 56 (8) 58 (<1) 97 (<1) 142 (<1)

a stretch, stretching; def., deformation; o.o.pl., out-of-plane; i.pl., in-plane asym., asymmetric; sym.; symmetric, eq., equatorial; ax., axial.
b gas: relative absorbance at band maximum in parentheses; liquid: relative band intensity in parentheses. sh: shoulder.
c Relative calculated infrared band strength in parentheses.
d Scaled by the factor 0.9.

Fig. 2. (A) Gas phase infrared, pressure 2 Torr (resolution 1 cm�1) and (B) liquid
Raman spectra of CH3N@SF4 (resolution 2 cm�1).
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3007, 2966 and 2914 cm�1 in the gas IR spectrum. In CH3N@S(F2)
@NCH3 these normal vibrations were observed at 3003, 2953 and
2922 cm�1[17], while for CH3N@S(CF3)2 the bands were centered
at slightly lower frequencies, 2994, 2937 and 2890 cm�1, respec-
tively [16], demonstrating good agreement among them. This re-
gion shows an additional band located at 2845 (IR) and
2839 cm�1 (Ra), which was assigned to the overtone of the sym-
metric CH3 deformation mode (m6) in Fermi resonance with the
symmetric stretching (m3). Similar behaviour was observed in the
reference molecules containing the CH3 group, such as
CH3N@S(CF3)2, where the reported frequencies are 2815 and
2811 cm�1 (IR and Raman, respectively) [16] and CH3N@S(F2)
@NCH3, where this overtone was observed at 2862 (IR) and
2844 cm�1 (Raman) [17].

The characteristic features belonging to the CH3 deformation
modes are expected in the region between 1480 and 1400 cm�1.
The weak signals observed at 1473, 1462 and 1437 cm�1 in the
IR were associated with the rocking, scissoring and symmetric
deformation modes of the CH3 group, in good agreement with
the reported values for CH3N@S(CF3)2, (1473, 1458 and
1420 cm�1, respectively) [16], and with those observed in
CH3N@S(F2) @NCH3, (1460, 1433 and 1410 cm�1, respectively)
[17]. These three fundamental modes experimentally observed in
the IR and Raman spectra are well reproduced by the calculations
for title and reference molecules. The two remaining CH3 deforma-
tion modes of CH3N@SF4 were not observed in the IR spectrum, in
accordance with the calculations which predict very weak features
at 1145 and 1136 cm�1. In the Raman spectrum they appear as a
weak signal centered at 1127 cm�1.

A very strong IR band and a medium-intensity Raman signal are
associated with the N@S stretching mode. It is interesting to point
out that the location of this vibration depends very strongly on the
electronegativity of the groups attached to N and to S and also on
the sulfur hybridization. We observed this fundamental in a very
wide spectral range around 1300 cm�1 and a general correlation
between the wavenumbers of the N@S stretching mode and the
corresponding bond lengths is observed for molecules possessing
the CH3N@S-moiety [16,17] with S(IV) or S(VI) in tri-coordinated
(ASX2; X@F; CF3), tetra-coordinated (ASF2NCH3) or penta-coordi-
nated (ASF4) states. Table 3 lists gas IR bands corresponding to
the N@S stretching mode and calculated bond lengths (B3LYP/6-
311+G(2df,p)) for RN@SA(R@CH3, CF3) containing molecules. The



Table 3
Experimental and/or calculated N@S and NAC stretching wavenumbers and calcu-
lated N@S bond lengths for some molecules containing the CAN@S entity.

Molecule m(N@S)a (cm�1) N@S
(Å)d

m(CAN)a (cm�1) Ref.

CH3N@S(CH3)2 1208 1.530 812 [16]
CH3N@SF2 1357 1.476 858 [18]
CH3N@SF4 1313 1.495 951 (937)d This

work
CH3N@S(F2)

@NCH3b
1349(o.o.ph)�1288(i.ph)

b 1.483c 890(o.o.ph)�938(i.ph)
b [17]

CF3N@SF2 1384d 1.489 816 (807) d [2]
CF3N@SF4 1325d 1.503 (858) d This

work

a gas IR signals.
b This molecule presents two CH3N@S-moieties, whose stretching modes are

strongly coupled. (o.o.ph), out-of-phase stretching; (i.ph), in-phase stretching.
c Mean value.
d Calculated value, (B3LYP/6-311+G(2df,p)).
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values demonstrate a close relationship between these two observ-
ables. The longest N@S bond (1.530 Å) and lowest vibrational fre-
quency (1208 cm�1) occur in CH3N@S(CF3)2. Substitution of the
CF3 groups at sulfur by fluorine atoms causes strong shortening
of the S@N bond (1.476 Å) and a corresponding large increase of
the frequency (1357 cm�1) in CH3N@SF2. Increase of the oxidation
number from S(IV) to S(VI) leads to lengthening of the S@N bond in
CH3N@SF4 (1.495 Å) and to lowering of the frequency (1313 cm�1).
An intermediate bond length of 1.483 Å (mean value) occurs in the
tetracoordinated S(VI) compound CH3N@S(F2) @NCH3. CH3/CF3

substitution at the nitrogen atom in CH3N@SF2 and CH3N@SF4

leads to slight lengthening of the S@N bond by about 0.01 Å and
– contrary to the expected trend – to higher vibrational frequen-
cies. Such unexpected relation between bond lengths and vibra-
tional frequencies or force constants, respectively, i.e. increasing
force constants with increasing bond lengths has been observed
for fluorinated amines and has been rationalized by high bond
polarities [18]. Coupling between S@N and CAN vibrations can
not explain this increase of m(S@N) upon CH3/CF3 substitution,
since m(CAN) decreases upon this substitution (see below).

The CAN stretching mode of CH3N@SF4 was assigned to the
strong IR band centered at 951 cm�1 (945 cm�1 in Raman). The cal-
culated values for this vibration were 958, 937 and 978 cm�1 (HF,
B3LYP and MP2, respectively). This fundamental is also sensitive
towards substitution at the sulfur atom, since it is strongly coupled
with the S@N vibration. However, we assigned the experimental
and calculated features to pure CAN and S@N vibrations in order
to make the spectral interpretation easier and to allow comparison
with other compounds containing the S@N bond. As in the case of
the S@N vibration a shift to higher wavenumbers occurs also for
m(CAN) upon substitution of the CF3 groups in CH3N@S(CF3)2,
(m(CAN) = 812 cm�1 [16]) by more electronegative fluorine atoms
in CH3N@SF2 (m(CAN) = 858 cm�1 [19]). In addition, change in sul-
fur oxidation number from S(IV) to S(VI) also affects the position of
this vibration. m(CAN) increases from 858 cm�1 in CH3N@SF2 to
951 cm�1 in CH3N@SF4 and from 807 cm�1 in CF3N@SF2 to
858 cm�1 in CF3N@SF4. For the latter two compounds we use cal-
culated (B3LYP/6-311+G(2df,p)) values, since no experimental va-
lue is known for CF3N@SF4. CH3/CF3 substitution at nitrogen
lowers the CAN vibration from 858 to 816 cm�1 (experimental val-
ues) in the @SF2 derivatives and from 937 to 858 cm�1 (calculated
values) in the SF4 compounds.

The SAF stretching modes belonging to the SF4 group could be
rationalized in terms of four complex vibrations: an asymmetric
stretching involving both axial fluorines (F–S–F ax. asym. stretch.),
which belongs to the A0 representation, an asymmetric stretching
between the two equatorial SAF bonds (F–S–F eq. asym. stretch.,
(A0 0)), the symmetric mode involving all four SAF bonds (SF4 sym.
stretch.), which can be defined as the ‘‘breathing mode” of the
group, and the asymmetric SF4 stretching mode interpreted as an
out-of-phase stretching of the SAF equatorial bonds with respect
to the SAF axial bonds. Due to the scarce experimental vibrational
data of molecules possessing the SF4 group, the assignment of
these fundamental modes was based only on theoretical predic-
tions. Thus, the asymmetric FASAF equatorial stretching mode
(m13) was assigned to the strong IR band at 854 cm�1 (843 cm�1,
very weak in Raman), while the asymmetric FASAF axial stretch-
ing (m16) was associated with the strongest IR band centered at
816 cm�1 (781 cm�1, Raman), in fairly good agreement with the
estimated band intensities by all methods (see Table 2). Similarly,
the symmetric SF4 stretching fundamental (m13) was assigned to
the strong IR signal localized at 716 cm�1, whose Raman counter-
part was the strongest signal at 710 cm�1 and the asymmetric SF4

stretching mode (m16) corresponded to the bands observed at 513
and 511 cm�1 in the IR and Raman spectra, respectively. The calcu-
lated B3LYP/6-311+G(2df,p) wavenumbers for all four stretching
vibrations (802, 785, 677 and 522 cm�1) are in close agreement
with the experimental values and with those calculated at the
same approximation for the related molecules CF3N@SF4, (852,
821, 729 and 555 cm�1) and FN@SF4, (814, 839, 720 and 541 cm�1).

In order to simplify the interpretation of the SF4 deformation
modes, they were labelled as NSF eq. out-of-plane deformation;
SF4 symmetric deformation, which is similar to the umbrella
movement, NSF4 wagging, SF eq. rocking, SF ax. rocking and FSF
scissoring. This last one involves both equatorial and axial SAF
bond deformations coupled out-of-phase. All of them were as-
signed according to the theoretical predictions. Similarly, the two
deformations including the N, S and C atoms, defined as in-plane
and out-of-plane bending modes were assigned to the Raman sig-
nals observed at 268 and 243 cm�1, respectively.
5. Conclusion

The present analysis allows us to conclude that for molecules
possessing the CH3N@S entity two fundamental factors influence
the vibrational characteristics of the N@S stretching mode: the
electronegativity of the substituents on S and the coordination
number of the sulfur atom. Both factors affect the N@S bond length
and an inverse relationship between its stretching frequency and
the bond length is observed. On the contrary, substitution by a
more electronegative group on nitrogen lengthens the N@S bond
while increasing the vibrational frequency. Similarly, the CAN
stretching mode is also influenced by substitution on sulfur and
for compounds possessing the CH3AN moiety the frequency of
the CAN stretching increases in the sequence
CH3N@S(CF3)2 < CH3N@SF2 < CH3N@SF4. This vibrational study
not only complements the structural analysis for CH3N@SF4, but
also starts a new project concerning sulfur–nitrogen systems
whose molecular structures, conformational properties and vibra-
tional behaviour can be correlated with our previous results for
molecules containing sulfur in oxidation state with IV or VI.
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