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Abstract

Six structurally related cyano ferrocenes have been examined by temperature-dependent Mossbauer effect spectroscopy (MES) to
yield information concerning the isomeric shift (IS), quadrupole splitting (QS), and related parameters characterizing the iron atom
in these compounds. The IS is related to the s-electron density at the Fe nucleus, while the QS is related to the symmetry and magnitude
of the electrostatic field. In addition, these data can yield information related to the dynamics of the metal atom and are in excellent
agreement with X-ray crystal data. Density functional theory (DFT) calculations have been used to obtain values for the three principal
components of the electric field gradient tensor as well as the electron density at the metal atom site. The results of the DFT calculations
and the MES data are found to be in exceptionally good agreement in these compounds.

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

Because of their potential application in switchable
molecular optical and electronic nanodevices, ferrocene
containing porphyrins and phthalocyanins have been
intensively investigated in the recent literature [1]. An
improved mercury-free synthesis of the previously poorly
characterized tricyanovinyl ferrocene has been reported
[2] and its crystal structure has been determined at 173
and 293 K. As has been shown in numerous examples in
the recent literature [3-6], temperature-dependent Mss-
bauer effect spectroscopy (MES) can further help to eluci-
date the metal atom dynamics in ferrocenoid solids, and
the present investigation was undertaken to examine the
effect of ring substituent electronic and steric effects on
the motional characteristics of the metal atom in a number
of closely related cyano ferrocenes.
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Among the compounds included in this study are cyano
ferrocene [C; HoFeN, 1], cis-1,2-dicyano-1-ferrocenylethyl-
ene [C4H oFeN,, 2], trans-1,2-dicyano-1-ferrocenylethyl-
ene [C4HoFeN,, 3], 1,2,2-tricyano-1-ferrocenylethylene
[CisHoFeNs, 4], cis-1-iodo-2-cyano-1-ferrocenylethylene
[Ci3H gFeIN, 5], and trans-1-iodo-2-cyano-1-ferrocenyl-
ethylene [C3H oFeIN, 6]. A schematic representation of
these compounds is summarized in Scheme 1.

2. Experimental

(a) Synthesis: compound 1, for which an improved
synthesis has recently been reported by Kivrak and Zora
[7], was kindly made available by Prof. Zora, and exam-
ined as received. Compound 4 [2] as well as com-
pounds 2, 3, 5, and 6 [8] were prepared using literature
methods.

(b) Mossbauer spectroscopy (MES): The air stable
solids were ground with Pyrex powder and mixed with
BN to ensure random crystallite orientation in the
subsequent MES measurements, transferred to Perspex
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Scheme 1. Representation of the compounds discussed in the text.

sample holders, and mounted in a cryostat in transmis-
sion geometry as previously described [3-6]. Spectrome-
ter calibration was effected with o-Fe and all isomer
shifts are referred to the centroid of such room temper-
ature calibration spectra. Temperature control over the
data sampling intervals (typically 8-36 h) was held to
40.2° and monitored with the Daswin program as
described previously [9].

(c) All DFT calculations were conducted using the
GAUSSIAN 03 software package [10] running under either
Windows or UNIX OS. In the present investigation, we
have used X-ray determined geometries [2,8]. In the
case of single point calculations, for all compounds,
Becke’s pure exchange functional [11] and Perdew and
Wang’s correlation functional [12] (BPW91) was used.
Wachter’s original full-electron basis set [13] (con-
tracted as 62111111/3311111/3111) with one set of
polarization functions was used for the iron atom, while
a 6-311G(d) basis set was employed for all other atoms.
In all cases, an ultra fine integral grid with 99 radial
shells and 590 angular points per shell along with tight
energy (107® a.u.) SCF convergence criterion has been
used.

Electron densities on the >’Fe nuclei in the compounds
of interest were calculated using the AmmM2000 program
[14], which utilizes wavefunctions generated by Gaussian
software. Mossbauer quadrupole splittings (AEg) and
asymmetry parameters () were calculated using DFT pre-
dicted principal components of the electric field gradient
tensor (V;) at the >7Fe nucleus as discussed below.

The isomer shift in Mossbauer spectra arises from differ-
ences in the s-electron density at the nucleus in the absorber
and a reference compound (typically a-Fe or sodium nitro-
prusside). It can be calculated using the following equation
[15,16]:

(Sche = Ex — Eyre

= 2n/3)Z (R * [Py = 1¥O)r) (1)

where Z is the atomic number of the nuclei of interest and
R and R" are the average nuclear radii of the ground and
excited states of >’Fe, respectively. Due to the fact that
|5U(())|O(Fe2 is constant, the Mdssbauer isomer shift can be
calculated as [15,16]:

Oare = #[p(0) — c] (2)

where «, the so-called calibration constant, and p(0), the
non-relativistic calculated total charge density at the iron
nucleus can be easily obtained from a correlation analysis
between calculated p(0) and experimentally observed Oy,
and were taken from a previous study [17].

The quadrupole splitting arises from a non-spherical
charge distribution in the I = 3/2 excited state in the pres-
ence of an electric field gradient (EFG) at the °'Fe nucleus.
It is related to the components of the electric field gradient
as represented by the following equation [15,16]:

AEq = (1/2)eQV {1+ (B/3)}' 3)

where e is the electron charge and Q being the quadrupole
moment of the °'Fe E = 14.4 keV excited state. In our case,
we used the recently determined value of Q =0.16 (£5%)
barn [18], which has been commonly used for the calcula-
tion of Mdssbauer quadrupole splittings in DFT calcula-
tions and is close to the value of 0.158 barn reported
recently by Neese’s group [19] from the nonrelativistic
DFT B3LYP training set. The asymmetry parameter ()
is given by:

n= (Vxx - Vyy)/sz (4)

where the principle components of the electric field are ta-
ken as [14,15]:

Vel 2 Vil 2 [V (5)
3. Results and discussion

With the exceptions noted below, the MES spectra of all
of the compounds included in this study consist of well
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resolved doublets which can be characterized, inter alia, by
their isomers shifts (IS), quadrupole splittings (QS), and
area under the resonance curve (A). A typical spectrum

at

93 K is shown in Fig. 1. For all of the following com-

pounds, the MES parameters at 90 K and derived quanti-
ties are summarized in Table 1.

(a) Compound 1: The IS of this compound is slightly
smaller than that reported for the parent unsubstituted
ferrocene but quite similar to the other vinyl cyano
ferrocenes, vide infra. The temperature dependence of
the IS is well fitted by a linear regression with a
correlation coefficient of 0.997 for 12 data points. The
slope, — (4.007 £0.018) x 10 *mm s '"K~! — permits
the calculation of an “effective vibrating mass”, Mg
[20], of 102 4+ 1 Da, and the difference between this value
and the “bare” iron atom mass of 57 Da reflects the cov-
alency of the Fe-ring interaction. The area under the res-
onance curve, A, for an optically “thin” absorber is
proportional to the Mdssbauer recoil-free fraction, f,
where f =exp(—(x2.)), k is the wave vector of the
14.41 keV gamma ray of *’Fe, and (x2 ) is the mean
square amplitude of vibration of the iron atom. For 1,
the temperature dependence of the logarithm of the area

1.00- &&

o

©

©
1

RELATIVE TRANSMISSION
2
1

0.94 T T T T T T T T
-2 0 2 4

VELOCITY / mm sec™

Fig. 1. >"Fe Méssbauer spectrum of 6 at 92.9 K. The velocity scale is with
respect to the centroid of an a-Fe absorber spectrum at room temperature.

Table 1

Summary of Mdssbauer data of the compounds discussed in the text
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under the resonance curve is not well fitted by a linear
correlation and shows increasing amplitude of motion
at higher temperatures. As pointed out by Gol’danskii
and Makarov [21] in the early days of MES, this effect
can arise from the fact that the metal atom vibration
consists of two contributions: the high frequency vibra-
tions of atoms in molecules and the low frequency vibra-
tions of molecules as a whole. However it should be
noted that in ferrocenoid molecular solids there may
be ring rotation and librational modes which can con-
tribute to (x?) even at relatively low temperatures. In
ferrocene, for example, there are Cp ring modes at
177, 185, and 309 cm™' which are significantly popu-
lated above ~200 K. If the high frequency contribution
is negligibly small at lower temperatures, and increases
at higher temperatures, then the low temperature part
can be considered as primarily due to pure molecular
vibrations and the low temperature (x2 ) values can be
calculated and extrapolated to higher temperatures. In
addition, as has been pointed out by Glidewell et al.
[22], in 1 there is a significant hydrogen bonding interac-
tion between N1 of one molecule and atom C21 of an
adjacent molecule with C-N distances of 3.381 and
3.384 A at 294 K. The strength of this interaction will,
of course, also be temperature dependent and contribute
to the metal atom vibrational amplitudes probed by the
MES technique. In the present instance, these contribut-
ing factors cannot be separated and hence a calculation
of the effective lattice temperature, @, [20], cannot reli-
ably be determined from the available data.

In the case of 1, the area ratio R, that is, the area under
the more positive velocity peak [A(+)] to that under the
more negative velocity peak [A(—)]is found to be essen-
tially temperature independent over the accessible tem-
perature range, 96 < 7'< 296 K, indicating the absence
of a Gol’danskii-Karyagin [23] effect in this vibration.
In other words, in contrast to other ferrocenoids, the
vibrational amplitudes parallel and perpendicular to
the local symmetry axis running through the cyclopenta-
dienyl ring centers and the metal atom, are essentially
equal.

(b) Compound 2: The hyperfine parameters of 2 are
included in the data of Table 1 and are similar to those
noted for 1, including the temperature independence of

Compound Ci;HgFeN cis-Ci4HoFeN, trans-Ci4H oFeN, CsHoFeN; cis-C3HoFeIN  trans-C3H oFeIN Units

No. 1 2 3 3 4 4 5 6

1S(90) 0.513(2) 0.516(9) 0.519(7) 0.527(8) 0.522(6) 0.525(5) 0.541(3) 0.551(2) mms~!

IS(DFT)  0.492 0.467 0.509 0.489 0.463 0.398 mms~!

QS(90) 2.390(2) 2.226(9) 2.324(23) 2.114(26) 2.203(15) 1.902(14) 2.261(3) 2.240(2) mms~!

QS(DFT) 2.283 2.241 2.300 2.147 2.310 2.237 mm s~

dIS/dT 4.08(2) 4.00(33) 4.53(11) 4.01(2) 4.21(8) 4.14(8)  4.28(2) 4.03(2) (mms 'K)x 107
—InA/dT  curv. 6.34(44) 5.69(12) 7.58(30) 6.48(9) K'x1073

Mgy 102(1) 104(8) 117 (ave) 97(4) 103(1) Da
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QS over the interval 95 < T'< 297 K. In the present case,
the temperature dependence of IS is given by d IS/
dT = —(4.00 £ 0.33) x 107*mm s~' K~' with a correla-
tion coefficient of 0.995 for 12 data points. As above,
this linearity leads to a value M ;= 104 4+ 8 Da in good
agreement with the value for 1. In contrast to the mon-
ocyano compound, here the In 4 data, too, are well fitted
by a linear regression and evidence a slope of
—(6.34 +0.44) x 10> K~', with a correlation coeffi-
cient of 0.994 for 12 data points. This temperature
dependence, in conjunction with the dIS/dT value leads
to a calculated Mossbauer lattice temperature,
Oy = 108 K, justifying the “high temperature” limiting
slope calculation inherent in the calculation of ®y;. The
single crystal X-ray diffraction data for 2 have been
determined by Nemykin et al. [8] at 293 K. From their
U,; values it is possible to calculate the mean square
amplitude of vibration (msav) of the metal atom. This
quantity can also be derived from the temperature
dependence of the area under the resonance curve
observed in the ME spectra and leads to the dimension-
less parameter # = —In f = k*(x2,), where f and k are
as defined above. From the X-ray data at 293 K. 7, 593
is 1.69(2), while the ME data yield a value of 1.86(13). It
should also be noted that in the presence of lattice
defects or crystal packing effects there may be a contri-
bution to the X-ray U;; values from these static posi-
tional distributions, although in molecular solids of
the kind here considered these effects are usually negligi-
bly small. In this model, the X-ray vibrational ampli-
tudes will generally be equal to or larger than the
values derived from the MES data at the same tempera-
ture. In the case of compound 2, the two % values are
within experimental error of each other, and the reason-
able agreement between the two values is taken as vali-
dation of the model used in this analysis. In addition, it
should be noted that the Glidewell et al. [22] X-ray data
for 1 yield a value of 1.88 at 294 K in good agreement
with the data for 2.

As in the case of 1 the area ratio (R) is temperature inde-
pendent within experimental error (£2%) again confirm-
ing the absence of a vibrational asymmetry of the iron
atom. Despite the presence of two relatively large CN
groups, there is no evidence here for the hydrogen bond-
ing interaction noted by Glidewell et al. [22] since the
nearest neighbor H-N distances at 293 K are 3.485
(H171-N17) and 4.198 (H151-N17) A. Clearly the CN
groups do not significantly interact with the intra molec-
ular non-substituted ring of the molecule and thus do
not contribute to the msav of the metal atom.

(c) Compound 3: Although at first glance the MES of 3
appear very similar to those of 1 and 2, it was soon
observed that the computer calculated line widths were
noticeably broader than could be expected from sample
thickness considerations. Consequently, these data were
fitted to two distinct Fe sites, having similar but distinct
IS and QS values, and a typical spectrum is shown in

Fig. 2. This assumption leads to significantly better y*
values in the final fits and this fact is reflected in the
two sets of IS values reported in Table 1. Reference
to the 293 K X-ray diffraction values of Nemykin
et al. [8] showed indeed that the site occupancy data
for C8, C9, C10, N11 and NI13, was 0.5 instead of
unity, signifying disorder in the position of the cyano
groups. The two configurations have slightly different
IS wvalues at all temperatures, as summarized
graphically in Fig. 3, and the two temperature depen-
dencies, (—dIS/dT), are (4.53+0.11)x 107* and
(4.01 £0.20) x 10 *mm s~ ' K™, respectively with
correlation coefficients of 0.99 or better for 10 data
points. In contrast, the QS values are essentially tem-
perature independent within experimental error and dif-
fer by ~0.15mms~' for the two configurations. As
noted above, the recoil-free fraction data are well
accounted for by a linear regression in the temperature
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Fig. 2. S"Fe Mossbauer spectrum of 3 at 110.6 K. The area ratio of the
two subspectra is 0.83:1.0.
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Fig. 3. Temperature dependence of the IS for the two sites observed for 3.
The full data points refer to the site with the smaller quadrupole splitting
(see Fig. 2).
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interval 171 < T<302K, —dIn4/dT =(7.01 £ 0.28) x
107* K~! with a correlation coefficient of 0.997 for 6
data points. As above, this leads to a value of % 93
of 1.28(7) from the low temperature MES data, and
F cr93 = 1.87(4) from the X-ray diffraction U;; values
at 293 K.

(d) Compound 4: This compound has three cyano groups
attached to the vinyl moiety and the ME spectra, like
those of 3 are best fitted in terms of two slightly different
configurations present in the solid state structure, having
different hyperfine parameters in the range 94 < T <
294 K. The single crystal X-ray data of Nemykin et al.
[2] clearly show that the site occupancy factors of C7,
C8, C9, C10, N12 and N14 are 0.5 both at 173 and
293 K with Rg factors of 0.0625 and 0.0324, respec-
tively. The hyperfine parameters and derived constants
are summarized in Table 1. The temperature dependence
of the recoil-free fraction, f, is well fitted over the entire
temperature range by a linear regression, and
corresponds to a slope —dInA4/dT = (5.69 £0.12) x
10 K~ ! with a correlation coefficient of 0.998 for 11
data points. As pointed out above, this linearity permits
the comparison of & between the X-ray and ME data at
the two temperatures. These values at 173 and 293 K are
97M.173 = 098(2) and J/'/7M293 = 105(2) and 9}‘173 =
1.67(4) and Z , 293 = 1.73(1) for the ME and X-ray data,
respectively. In both cases the X-ray value is somewhat
larger than the ME value as noted previously. Clearly
the ME measurements give a reliable value for the msav
of the metal atom in this compound. The temperature
dependence of the IS is essentially the same for both
configurations over the range 94 < 7'<295 K, and the
average Mg value for the two configurations is
100 +£2 Da in reasonable agreement with the values
obtained for the related compounds in this series. In
other words, as noted earlier [24], changes in the ring
substituents have only a very minor effect on the dynam-
ical properties of the iron atom in such ferrocenoid
structures. The Mossbauer lattice temperature, @y, is
117 K. Finally, it is again worth noting that the area
ratio of the two sites is essentially temperature indepen-
dent over the noted temperature range, and has a value
of 1.02 + 0.08, indicating equal occupancy of the two
configurations as noted in the X-ray study at 293 K.
(e) Compound 5: A persuasively convincing example of
the validity of the above analysis of the metal atom
dynamic data is provided by the equi-molecular weight
compounds 5 and 6. Compound 5 is the cis partner of
the 1-iodo-2-cyano vinyl ferrocene pair and was exam-
ined over the temperature range 96 < T'< 305 K. The
hyperfine and derived parameters are summarized in
Table 1, from which it is noted that both iodo complexes
have a somewhat larger IS at 90 K than the remainder of
the cyano ferrocenes, but the temperature dependence of
this parameter is comparable to the other values
observed, leading to a normal effective vibrating mass,
Mg, associated with this type of complex. It is particu-
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larly noteworthy that the temperature dependence of the
recoil-free fraction is well fitted over the temperature
range up to 281 K with a correlation coefficient of
0.999 for 10 data points. A plot of this dependence is
included in the data summarized in Fig. 4. As already
noted, from this observation it is possible to calculate
a value for the rms amplitude of vibration of the metal
atom, as will be discussed in further detail, below. The
QS parameter for 5 shows the expected negative depen-
dence on temperature, and is not otherwise remarkable.
There is no significant evidence for anisotropy of the
metal atom motion over the indicated temperature
range. The & values for 5 are F,,0; = 2.32(2) and
Fmaes = 2.22(9) in good agreement with each other.
(f) Compound 6: The trans homologue of 5 was studied
over the extended temperature range 93 < T <336 K
and gave ME spectra consisting of narrow line doublets
as noted above. The temperature dependence of the IS is
not quite linear over the above range, but a linear fit to
15 data points evidenced a slope —dIS/dT = (4.032 &
0.024) x 10~*mm s~' K~' with a correlation coefficient
of 0.997. The M.y value calculated from this slope is
103 £ 1 Da. The QS shows a normal decrease with
increasing temperature, presumably due to cubic ther-
mal expansion of the unit cell. The recoil-free fraction
data shows some curvature especially in the high tem-
perature region, but the lower temperature data
(93 < T<305K) can be well fitted with a linear regres-
sion and yields a slope of (6.48 & 0.08) x 107> K~ ! with
a correlation coefficient of 0.999 for 9 data points. This
temperature dependence is again summarized in Fig. 4.
The area ratio R has a value of 1.026 £ 0.008 over the
range 153 <T<336K, indicating largely isotropic
amplitudes of vibration relative to the local symmetry
axis running through the metal atom and consistent with
the isotropic U;; values at 293 K reported in the crystal
structure data.
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Fig. 4. Comparison of the temperature dependencies of the recoil-free
fraction for 5 and 6.
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(g) Comparison of the rmsav data for 5 and 6: For 5, the
I (x2,.) values calculated from the X-ray data and the
MES data at 293 K are 2.32(2) and 2.22(9), respectively,
as already noted above, and this difference is presum-
ably associated with the two types of vibrational
motions present in molecular solids. As noted by Dunitz
[25] in some of these cases the poor agreement between
observed and calculated values of U;; can plausibly be
ascribed to internal molecular motions that invalidate
the rigid body assumption, and it is this effect that
appears to be operative in the case of compound 5. A
comparable calculation for 6 at 293 K leads to values
of F 293 of 1.98(3) and F 1293 of 1.90(3) for the X-ray
and MES data, respectively. For compounds 5 and 6
the ratio of these parameters is 1.17 for the X-ray data
and 1.16 for the MES data, in good agreement with each
other. From this agreement it is useful to calculate the
rmsav of the iron atom in those compounds where a lin-
ear In 4 fit is obtained, and such a calculation for com-
pounds 2, 4, 5 and 6 is summarized in Table 2. It is
worth noting that as noted above, the recoil-free frac-
tion data for 6 (but not for 5) shows some curvature
in the high temperature end of the dataset. The MES
data related to the recoil-free fraction is assumed to be
made up of the two major contributions: the molecular
vibrations populated principally at low temperatures,
and in addition the local atomic vibrations which
become increasingly populated as 7 is increased. In
making a linear regression to the data at low tempera-
tures it has been assumed that in this regime the contri-
bution of atomic motions contributes only in a minor
way to the dynamics of the iron atom in these com-
pounds, although as noted above, low frequency ring
rotations and liberations can be populated even at rela-
tively modest temperatures.

Table 1 (and Supporting Information Table 1) list values
for DFT calculated components, Vi, V,,, and V.. of the
electric field gradient tensor, the asymmetry parameters,
n, the quadrupole splittings, electron densities at the >’Fe
nucleus, and the isomer shifts calculated for compounds
1-6. Except for 5 and 6 the QS parameters are essentially
temperature independent over the range 90 < 7' < 300 K.

and even for 5 and 6 this correction is only ~0.02 mm s~ ',

Table 2
Root-mean-square-amplitudes-of-vibration (rmsav) of the metal atom in
several of the compounds discussed in the text

Compound 2 4 5 6 Units
Correl. coeff. (K) 0.994 (12) 0.006 (11) 0.9995 (10) 0.999 (9) *
100 0.109 0.104 0.118 0.110 A
150 0.133 0.128 0.144 0.135 A
200 0.154 0.147 0.167 0.156 A
250 0.172 0.156 0.186 0.174 A
300 0.188 0.181 0.204 0.191 A

% The number in parentheses indicates the number of different temper-
ature points included in the linear correlation.

so that the values calculated from the DFT considerations
and those derived from the ME data at 90 K are directly
comparable. There is a very good agreement between the-
ory and experiment for quadrupole splittings and isomer
shifts for compound 1, 2, 5, and 6. However, in the case
of compounds 3 and 4, crystal packing forces create molec-
ular disorder in the crystal resulting in two sets of quadru-
pole doublets with different quadrupole splitting and
isomer shift parameters, and due to the inherent nature
of the phase involved in the DFT calculations (gas phase),
this disorder cannot be modeled. However, DFT calcula-
tions do agree to a greater extent with only one of the
two different iron centers in both compounds 3 and 4.
Let 3, and 3, be representations of iron centers in two posi-
tional lattice isomers for compound 3. Then, center 3; and
center 3, have isomer shift and quadrupole splitting param-
eters of 0.519 and 0.527mms ' and 2.324 and
2.114 mm s, respectively. DFT predicts an isomer shift
and quadrupole splitting of 0.509 and 2.300 mms ',
respectively, which are much closer to the parameters per-
taining to center 3;. Similarly, let 4, and 4, be representa-
tions of iron centers in two positional lattice isomers for
compound 4. Then, center 4; and center 4, have isomer
shift and quadrupole splitting parameters of 0.522 and
0.525mm s~ ' and 2.203 and 1.902 mms~', respectively.
DFT predicts an isomer shift and quadrupole splitting of
0.489 and 2.147 mm s~ ', respectively, which are much clo-
ser to parameters pertaining to center 4;. Also, it has been
determined that increasing the number of cyano groups
attached to the vinyl ligand has only a minor effect on
the s-electron density at the Fe nucleus in compounds
1-6 and thus it is difficult to extract such clear trends in
the calculated quadrupole splittings and isomer shifts.

4. Summary and conclusions

Both temperature-dependent >’Fe Mdssbauer effect
spectroscopy and density functional theory calculations
have been used to elucidate the hyperfine interaction
parameters of a number of structurally related cyano ferro-
cene complexes. The MES data related to the temperature
dependence of the recoil-free faction, f, over the range
90 < T<300K have been used to calculate the mean
square amplitudes of vibration of the metal atom in these
complexes. The availability of single crystal X-ray diffrac-
tion data for these compounds has afforded a comparison
between the vibrational amplitudes derived from the
MES data and the X-ray results, and the comparison pro-
vides an insight into the contributions of local high fre-
quency (atomic) and low frequency (molecular) modes to
the dynamics of the Fe atom. A comparison between the
DFT calculation results and the data derived from the
MES measurements are in very good agreement with each
other and lead to a better understanding of the factors
influencing the magnitude and symmetry of the charge dis-
tribution around the metal center. The presence at high
temperatures of two nearly equivalent configurations of
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compound 3 suggested in the X-ray data has been con-
firmed by the MES results. A comparison of the parame-
ters for the cis and trans isomers of the iodo cyano
complexes, 5 and 6 is also reported.
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