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Vibrational spectra (infrared and Raman) for perfluoro-o-phenylenemercury and 1,2-bis(chloromercurio)
tetrafluorobenzene were recorded for the first time. A DFT computation was performed and vibrational
modes assigned. The effect of basis set of mercury was evaluated. This has permitted to obtain
a “fingerprint” scheme of the C6F4Hg2 unit, useful in the evaluation of intermolecular interaction of this
family of compounds.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Perfuorinated aromatic molecules play an important role in
preparation of molecular material and in crystal engineering. This
because their peculiar electrostatic properties, that favor quad-
rupolar interactions and the polarized CeF bonds that address
directional intermolecular interactions. A significantmolecule of this
class is the (C6F4Hg)3, perfluoro-o-phenylenemercury (1) compound
[1], that combine the properties of fluorinated aromatic ring with
a strong Lewis acidity[2,3]. This make this molecule able to form
easily molecular complex with electron rich systems. His acidity
comes from mercury atoms bonded to carbons made electron poor
because the bond with fluorine atoms. CSD database reports 77
molecular complexes of 1, and the most part possess face-to-face
interactions with aromatic p-ring donor and CeF$$$HeC interac-
tions. Usually infrared spectra of 1 [4] in his molecular complexes are
reported, but a detailed vibrational analysis doesn’t exist; for this
reason no effect of coordinated guests onto vibrational spectra of 1
are reported, although vibrational spectroscopy is a very useful
approach in evaluation of intermolecular interactions. A computa-
tional modeling of electronic spectra [5] report only a partial
assignment of some modes. Considering the great interest for this
compound we recorded complete vibrational spectra (infrared an
Raman) and calculated DFT vibrational modes in order to propose an
assignment. Complex 1 possess the idealized D3h symmetry andmay
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be resolved in three C6F4Hg2 fragment of local C2v symmetry. For this
reason we analyzed also the C6F4Hg2Cl2, 1,2-bis(chloromercurio)
tetrafluorobenzene (2) compound and compared his vibrational
behavior with that of 1.
2. Experimental

Compound 1 was prepared following literature procedure [1,4].
Careful attention has devoted to purification because the existence
of polymorphs. Four crystalline polymorph are reported for
complex 1 [6]: two monoclinic with space group P21/n, one
monoclinic with space group C2/c and one orthorhombic with
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space group Pnma. In this work we examined the P21/n form, that
is the most common to obtain by crystallization from dichloro-
methane solution. We repeatedly crystallized the compound from
dichloromethane, in order to obtain the P21/n form. Compound 2
was prepared by reaction of 1 with HgCl2, according literature
procedure [7]. Infrared spectra were recorded both in solid state
and solution (CH2Cl2 and CS2) spectra. We used KBr pellets for mid
infrared and poliethylene for far infrared. Solid Raman spectrawere
recorded with grinded crystalline sample sealed in a glass capillary.
FT-infrared and FT-Raman spectra were collected using the Bruker
Vertex 70 FTIR spectrophotometer with the RAM II accessory,
equipped with NdYAG laser (1064 nm) operated at 20e40 mW for
solid and 200 mW for solution. Spectral resolution were 2 cm�1 for
solid state and 4 cm�1 for solution spectra. Because the low solu-
bility of compounds we cannot obtain useful solution Raman
spectra. Low region of Raman spectra of powered samples were
recorded with a Jobin Yvon-Horiba T64000 Raman Spectrometer,
equipped with a confocal Olimpus Bx40 microscope; laser excita-
tion was 752.5 nm with 500 mW starting power.
2.1. Details of DFT calculations

The quantum chemical calculations of compound 1 and 2 were
carried out using the Gaussian09 code [8]. We used the DFTmethod
using the hybrid three parameter B3LYP exchange-correlation and
the ab initio MP2 method. The basis set employed are discussed in
the result session. The structures are optimized to a real minimum
(no imaginary frequencies) and analytical harmonic frequencies
computed. Reported frequencies are scaled by a factor of 0.98.
3. Results and discussion

DFTmodeling of organometallic compound is by nowa common
tool. Good performances are obtained with B3LYP hybrid functional
and 6-31g(d,p)/LANL2DZ all electron/ECP mixed basis set, that
allow at reasonable computing time to obtain good geometry and
molecular properties, like vibrational and electronic spectra. With
heavy elements nevertheless a great care is required because the
significant relativistic effect that affects the evaluation of carbon-
metal bond length [9]. For this reason Hg requires a basis set with
a good representation of this effect. In Table 1 computed and
experimental geometrical parameters for 1 and 2 compounds are
reported. We have analyzed the effect of differing combinations of
basis set for light elements and mercury in the geometry optimi-
zation of 2. In DFT-a calculationwe used the 6-31g(d,p) basis set for
light elements and the common LANL2DZ basis set and pseudo-
potential for Hg. In the DFT-b computation we employed the very
extended aug-cc-pvtz (C and F: 5s,4p,3d,2f; Hg: 6s,6p,5d,3f,2g)for
all atoms, with a two component relativistic pseudopotential for
inner shells of Hg [10]. In the DFT-c set we used 6-31g(d,p) basis set
for light elements and aug-cc-pvtz with pseudopotential for Hg.
Table 1
Experimental and computed geometrical parameter of 1 and 2 molecules.

Bond
length
(Å) and
angle

2 exp.
[19]

2 DFT-
a 6-31g
(d,p)
LANL2DZ

2 DFT-
b aug-
CC-PVTZ
aug-CC-
PVTZ-PP

2 DFT-c
6-31g(d,
p) aug-
CC-
PVTZ-PP

1 exp.
[11]

1 DFT-
a 6-31g
(d,p)
LANL2DZ

1 DFT-c
6-31g(d,
p) aug-
CC-
PVTZ-PP

CeF 1.37(2) 1.343 1.338 1.342 1.350(14) 1.347 1.345
CeC 1.37(2) 1.393 1.389 1.395 1.382(17) 1.394 1.396
HgeC 2.08(2) 2.203 2.078 2.072 2.066(12) 2.222 2.093
HgeCl 2.322(5) 2.420 2.302 2.304
CeHgeC 174.8(5) 170.01 174.43
Experimental data of 2 [19] show that CeC and CeF bonds have
very similar length, also if the measurement’s error is high. DFT
calculation discriminate between these lengths, and basis set effect
is very modest. HgeC distance is more sensitive to basis set choice:
the better representation of relativistic effect done by cc-pvtz basis
set with pseudopotential gives a HgeC bond distances very similar
to that experimental. A good balance between time calculation and
accuracy of results seems done by the DFT-c method. A similar
behavior is found in 1. The determination of CeF and CeC distances
report a difference of nearly 0.05 Å, well reproduced by DFT
calculation. Like in 2, LANL2DZ doesn’t reproduce well HgeC
distance and CeHgeC angles, while the triple z basis set cc-pvtz-
pp, gives values very near to those experimental.

These structural features are mirrored onto vibrational spectra.
Compound 2 has a molecular symmetry represented by C2v point
group and 36 vibrational normal modes, that span the following
irreducible representations and spectral activities:

Gvib ¼ 11A1ðIR; RamanÞ þ 5A2ðRamanÞ þ 4B1ðIR; RamanÞ
þ 10B2ðIR; RamanÞ
Fig. 1. (a) Infrared spectra of solid 2. Experimental (bottom) and DFT-c (top).
(b) Raman spectra of solid 2: experimental (top) and DFT-c (bottom).



Table 2

2 DFT-a 2 DFT-b 2 DFT-c 2 Infrared (solid) 2 Raman (solid) 1 DFT-c 1 Infrared (solid) 1 Infrared (CS2 sol.) 1 Raman (solid) Assignment

1610 1597 1615 1621m 1621m B2 1616 A2
0 nCC þ aCCC

1615 1617 m-w 1618 m-w 1617s E0

1597 1564 1597 1593m 1593 m-w A1 1593 A1
0 nCC þ nCF

1589 1585 w 1584 w 1585m E0

1494 1475 1483 1481 vvs 1481s A1 1496 1491 m-w A1
0 nCF

1487 1474 vs 1475 vs 1477 w E0

1424 1411 1433 1420 vs 1420vw B2 1429 1426 sh, 1419s 1419 w E0 nCC þ nCF
1416 A2

0

1303 1293 1311 1314m A1 1312 1309 w, sh A1
0 nCC

1310 1309m 1306 m-w E0

1281 1261 1284 1288m 1293 w A1 1271 1295 w A1
0 nCC þ nCF þ nHgeC

1269 1291m 1289m-s 1289 m-w, sh E0

1259 1242 1268 1260 w 1260 vs B2 1262 A2
0 nCC þ aCCC þ nHgeC

1259 1256m 1254m 1256s E0

1100 1086 1107 1088, 1082 m 1088, 1082m A1 1101 1090m 1087s E0 nCF þ aCCC þ nHgeC

1101 1093 m-w A1
0

999 1007 1015 1006s 1006s B2 1011 1009s 1009 vs 1016m, br E0 nCC þ aCCC þ nHg-C
1011 A2

0

778 811 812 824, 814m 824s B2 814 A2
0 nCC þ aCCC þ nHgeC

804 819m 817s 819 w E0

736 758 763 770, 764m 770m A1 764 774 w E0 nCC þ nCF þ aCCC þ nHgeC

762 774s A1
0

677 693 688 695 vw B2 689 700m E0 aFCC þ aHgCC
667 A2

0

653 747 651 A2 657 638 m-w E00 gCCC

651 A1
00

622 650 623 636 w 636 w B1 625 A2
00 gCCC

620 617 vw, br E00

566 605 582 591 w A2 585 600m E00 gCCC

572 A1
00

502 511 507 B2 505 A2
0 aCCC þ nHgeC þ nHg-x

504 E0

458 464 464 471 vw 472 vvs A1 463 472 w E0 aCCC þ nHgeC þ nFC
462 472 vs A1

0

384 393 387 398s A2 395 414s E00 gFCC þ gCCC
382 A1

00

314 342 360 334 vs 334 vs (sh) A1 nHgeCl

310 347 349 315vs 322 vvvs B2 nHgeCl

337 348 346 358m 358s, sh B1 361 372m A2
00 gFCC þ gCCC

330 353 vs E00

343 358 341 349m 348s, sh A1 345 336 w E0 dCFC þ nHgeC

343 340s, sh A1
0

276 286 278 277 w (sh) 278 w, sh B2 276 289 m-w 289 vw E0 dCFC
276 A2

0

261 273 262 262 vw A1 261 278 w 278 w E0 dCFC
261 A1

0

179 200 197 210s 210 w (sh) B1 213 A2
00 gFCC

180 E00

172 196 197 200, 193s 200s A1 219 222m 225 w E0 nHgeC

177 186 vvs A1
0

165 195 196 200, 193s 199m (sh) B2 186 A2
0 nHgeC

183 186 vvs E0

157 159 157 155 (vvw) A2 155 154 vw E00 gCCC

154 A1
00

107 113 114 122m-s B1 114 120 w, br A2
00 gCCC

105 120 vw E00

98 117 117 B2 104 A2
0 aCCHg þ nHgeC þ nHg$$$Hg

97 101 vw 101 vs E0

74 95 95 94s 95m-s A1 dClHgC
94 96 vw 96m A1

0 nHg$$$Hg
72 87 88 A2 62 63s E00 ring tors.
44 55 55 B2 40 45 m-w 45 vs E0 ring i.p. bend.
46 51 52 52m sh 53s B1 22 A2

00 ring o.o.p. bend.
36 35 37 A2 38 A1

00 ring tors.
17 17m E00

27 30 29 29 vs A1 aClHgC
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In Fig. 1 a and b solid state experimental and DFT-c infrared
and Raman spectra are reported. The 100 cm�1 region of exper-
imental Raman is not significative because very close to the cut of
Rayleigh filter of the FT-Raman instrument employed. Compound
2 belong to P21/n space groups, with Z ¼ 8 and a double occu-
pancy of general position [19]. For this reason we expect doubling
of spectral features, with the same intensities. Comparison of
experimental and DFT pattern shows that solid state may be
easily traced back to molecular spectra. In Table 2 we reported
the one-to-one correspondence of fundamental normal modes,
with their assignment obtained by analysis of internal coordinate
composition.



Fig. 2. Infrared (top) and Raman (bottom) spectra of compound 2 (a) and 1 (b) in solid
state.

Table 3
correlation table between C2v and D3h point group.

C2v / D3h

A1 / A1
0

B2 / A2
0

A1 þ B2 / E0

A2 / A1
00

B1 / A2
00

A2 þ B1 / E00
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We reported DFT results obtained with the three basis set
combinations discussed upon: the mean differences between DFT
and experimental frequencies are respectively 17.4, 11.5 and
8.4 cm�1, and this confirm that the 6-31g(d,p)/cc-pvtz-pp mixed
Fig. 3. (a): Infrared spectra of solid 1 : DFT-c (top) and experimental (bottom). (b):
Raman spectra of solid 1 : DFT-c (bottom) and experimental (top).
basis set reproduces accurately the experimental frequencies.
Infrared intensities are in good accord with experimental data,
while computed intensities of Raman spectrum is not equally
accurate for all vibrational modes (Fig. 1b); this is justifiable by the
difficulty of DFT methods to reproduce satisfactorily the polariza-
tion changes of molecules, especially when large and very polar-
izable atoms like Hg are involved. Nevertheless the pattern is
comparable with that experimental. Similarly to the assignments
proposed for hexafluorobenzene [12,13] and 1,2-diiodotetra-
fluorobenzene [14] we may distinguish two spectral regions: one
comprise between 1600 and 700 cm�1, characterized mainly by
bond’s stretching and planar angular modes of C6F4 unit, and one
comprise between 700 and 30 cm�1, where are the out-of-plane
deformation modes and the modes involving mainly the mercury
atoms. We discuss these two regions separately.

1600e700 cm�1 region
In this region are the most intense infrared bands, and the most

important modes are the CeC and CeF stretching. Because the
similar atomic mass and bond length, the composition of normal
modes shows a strong mixing of n(CC) and n(CF), with a significant
involvement of HgeC stretching and CeCeC angle bending. All
infrared features are broad and the modes at 1088, 824 and
770 cm�1 are split because of factor group effect. The very strong
1481 cm�1 mode is the total symmetric n(CeF) stretching and the
770 cm�1 mode corresponds to the ring breathing of benzene
molecule. Normal modes between 1260 and 770 cm�1 have
a significant component of HgeC stretching, and for this reason
may be sensible to change of electronic properties of mercury atom.

700e50 cm�1

Raman spectrum has very intense bands in this region, where
fall the in-plane and out-of-plane CeF and CeCeC deformation
modes and the CeHg stretching and bending modes. Also these
mode are strongly mixed because the great mass of mercury atoms.
In benzenoid systems the all-in-phase CeH bending, both in plane
and out-of-plane, are usually very sensitive to intermolecular
interactions [15]; in compound 2 the corresponding d(CFC) and g

(FCC), are at 695 and 210 cm�1. DFT calculations with all the three
basis set choices report that n(HgCl) modes have a coupling of
5e10 cm�1; 2 has the two n(HgCl) Raman modes at 383(w) and 314
(vs) cm�1. We assign one mode to the strong Raman at 322 cm�1

and the other to the strong infrared at ca 334 cm�1. The 472 cm�1

strong band is assigned to the CeCeC angle deformation, corre-
sponding to prolate ellipse deformation of C6F4 ring. The two
uncoupled n(HgC) modes are assigned to the strong band at
200 cm�1. Low Raman region (80e5 cm�1) shows many features,
attributable both to intramolecular vibrational modes and to
molecular librational and translational modes. On the basis of
intensity comparison between DFT and experimental data we
assign the strong 95 cm�1 band to the in-plane CleHgeC bending;
the 53 cm�1 band to the out-of-plane bending of the C6F4 ring and
the very strong feature at 29 cm�1 to the CleHgeC scissoringmode.

Analysis of vibrational spectra of 1 was performed by compar-
ison of the spectra of compound 1 and 2. Fig. 2 shows vibrational
spectra (in mid-infrared region) of 1 compared with 2.



Fig. 4. Scheme of the simplified (C2H2Hg)3 model used to evaluate the Hg.Hg
vibrational modes. Fig. 5. Infrared (top) and Raman (bottom) spectra of compound 1 in the low frequency

region (solid state).
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It’s evident the strict similarity between the pattern of the two
compounds. This suggests that vibrational analysis of compound 1
may be carried out by considering the complex composed of three
uncoupled C6F4 units bound to a Hg3 triangle. DFT-c calculations
confirm this statement.

Compound 1 has 93 vibrational normal modes, that in D3h point
group symmetry span the following irreducible representation:

Gvib ¼ 11A0
1ðRamanÞ þ 10A0

2ðn:a:Þ þ 21E0ðIR; RamanÞ
þ 5A00

1ðn:a:Þ þ 5A00
2ðIRÞ þ 10E00ðRamanÞ

The molecule plane is oriented in the xy plane and z coincide
with molecular C3 axis: for consequence planar modes are assigned
to A1

0, A2
0 and E0 species, while out-of-plane normal modes are

assigned to A2
00 and E00 species. In Table 2 calculated vibrational

frequencies are reported with the assignment obtained by analysis
of normal mode in term of internal coordinates. Comparison of
computed vibrational frequencies and intensities with experi-
mental infrared and Raman data has permitted the assignment of
fundamental modes. The one-to-one correspondence is generally
satisfactory (Fig. 3a and b).

In the table normal modes of 2 are correlated with those of 1
through the correlation table between the molecular point groups
C2v and D3h (Table 3):

In Table 2 normal modes of 1 are reported in correspondence of
those of 2. A comparison of experimental solid state and solution
infrared spectra with DFT results shows that solid state spectra is
very similar to that molecular. This indicates that factor group
splitting or solid state effects don’t affect strongly the vibrational
pattern for this molecules, similarly to compound 2. Any mode of
C6F4 unit in 2 has a corresponding A type and doubly degenerate E
type mode in 1. DFT and experimental data show that the A and E
modes of 1 derived from corresponding modes of 2 have very
similar frequencies, with a separation of 5e10 cm�1. This indicate
that the coupling between the three C6F4 units is negligible and
consequently that through-space dipolar interaction between CeF
Table 4
geometrical and vibrational parameter of (C2H2Hg)3.

dHg-Hg(Å) dCeHg nHg$$$Hg (E0) nHg$$$Hg (A1
0)

DFT-c 3.630 2.095 58 97
MP2 3.481 2.037 56 103
bonds is very weak. This may explicate why also factor group
splitting is of modest entity and why only strong intermolecular
interaction may have effect onto vibrational spectra.

The six n(HgC) modes are computed at 219 (E0), 177 (A1
0), 186

(A2
0) and 183 (E0) cm�1; the coupling between the two E0 modes is

36 cm�1 and the barycentre is at 201 cm�1, very similar to the
uncoupled n(HgC) at 200 cm�1 of compound 2. Consequently we
assigned n(HgC) to the medium infrared band at 222 cm�1 and to
the strong Raman band at 186 cm�1.

The most interesting feature of the compound 1 is the Hg3 core,
where the proximity of mercury (II) centers (3.62 Å) produce
Hg$$$H interactions and is responsible of the remarkable Lewis
acidity of 1 [5]. Vibrational detection of metallophilic interactions is
not commonly reported. For the adducts involving Ag(CN)2� and Au
(CN)2� systems the metallophilic Ag$$$Au interaction is indirectly
detected from the influence onto themetal-carbon stretchingmode
[16]. An ab initio study of the HgMe2 dimer [17] report for a ‘T’
shaped structure a HgeHg distance of 3.408 Å and a Hg$$$Hg
frequency of 33 cm�1. In complex 1 analysis of DFT results shows
three normal modes attributable to the Hg3 skeleton: a double
degenerate E0 mode at 97 cm�1 and a A10 mode at 94 cm�1. A guess
to the normal mode composition shows that these modes involve
also the HgeC bonds. In order to evaluate the effect of the contri-
bution from the C6F4 ring onto these modes we performed
a vibrational analysis of a simplified (C2H2Hg)3 system (Fig. 4)

This system has the same D3h symmetry of 1 and contains the
same (C2Hg)3 framework. Theoretical evaluation of metallophilic
interaction must consider accurately electronic correlation effects
and take in account dispersion interactions [5,17,18]. For this reason
we optimized and calculated vibrational modes for the (C2H2Hg)3
system with the DFT-c method and at MP2 level. In Table 4 we
report the most relevant results.

DFT-c computed HgeHg and HgeC distances for 1 are respec-
tively 3.683 and 2.093 Å, comparable to that of (C2H2Hg)3 system,
while the MP2 values of (C2H2Hg)3 are comparable to the experi-
mental values of 1. Clearly the dispersion contribution influence the
geometrical parameter of Hg3 ring, but, interestingly, the vibra-
tional stretching modes don’t seem influenced. If we compare the
DFT-c values with the corresponding vibrational modes of complex
1 we can observe that the A10 mode has a similar frequency and
that the three nHg$$$Hg modes are almost uncoupled, whereas the E0

mode of (C2H2Hg)3 is lower of nearly 40 cm�1. An examination of
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the A10 mode in both the systems shows that is mainly a breathing
mode of the Hg3 triangle, mixed with the CeCeHg angle’s bend-
ings; the E0 modes, apart the Hg$$$Hg stretching, involve the
shifting of all the C2H2 or C6F4 units, and for this reason the mass
difference of these fragments can justify the frequency difference.

A comparison of the computed frequencies with the experi-
mental data in the low frequency region and considering the
intensity pattern expected for the D3h selection rules (Fig. 5),
permit us to assign the Hg$$$Hg stretching modes to the two
Raman features 101 cm�1 (E0) and 96 cm�1.(A1

0).
Vibrational assignment of 2 is in accord with the assignment

proposed for 1,2-diiototetrafluorobenzene [14]: the six strongest
infrared features for this molecule are found at 1491, 1442, 1111,
1028, 819 and 777 cm�1. The pattern is the same of 1 and 2, with
a shift to higher frequencies that may be attributed to the different
mass effect of iodine and mercury in the mixed modes of this
region.

4. Conclusions

The comparison between the vibrational spectra of two per-
fluorinated phenylenemercury compound shows that C6F4 unit
presents a reproducible pattern, with very poor solid state effects.
DFT modeling with B3LYP hybrid functional and 6-31g(d,p) (C, F)/
cc-pvtz-pp (Hg) basis set permit a good reproduction of structural
parameter and an accurate calculation of vibrational frequencies
and infrared intensities. This has permitted to assign the funda-
mental modes of vibrational spectra of C6F4Hg2Cl2 and of (C6F4Hg)3
compound and to trace a “fingerprint” pattern for the C6F4Hg2
fragment, useful in the evaluation of intermolecular interactions,
that are of great importance in the molecular engineering where
this kind of systems are commonly employed. Analysis of the low
frequency region permits to assign the Hg$$$Hg modes, usually
involved in a metallophilic interactions.
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