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The charge transfer compounds of tetrathiafulvalene (TTF) with the general formula of (TTF),MCl, (M=Au, Pt
Ir, Os} were prepared by the direct reaction using excess HAuClL-3H;0, HPtCls-xH,0, H.lrCssxH,0O and H.0sCls
respectively, The powdered electrical conductivities {s,,} at room temperature are given as follows; (TTF);AuCl;, 4.53 X
107% (TTF);sAuCl,, 6.37X107% (TTFLPCl, 551X 10°% (TTF)LIrCL, 240X%10-% (TTFYOsCl:1/2C,H:OH, 4461077
Scm™ ', Magnetic susceptibility, electronic (UV-Vis.), vibrational (IR) and EPR spectroscopic evidences indicate that
there is incomplete charge transfer from the TTF donor to gold, platinum, and iridium respectively, and that there
is essentially complete charge transfer to osmium, thereby resulting a relatively low electrical conductivity in osmium
compound. The EPR and magnetic susceptibility data reflect that the metals are in diamagnetic Au(D), Py(ID), Tr(IID),
and Os(I) oxidation states, and the odd electrons are extensively delocalized over the TTF lattices in each compound.

Introduction

Tetrathiafulvalene (TTF) has been used as an electron
donor to form highly conductive charge transfer compounds.
The structural and electronic properties of TTF are conside-
red to be important determinants of electrical-transport pro-
perties in crystals of conductive materials. The most famous

compound, TTF-TCNQ (TCNQ=tetracyanoquinodimethane)
exhibits highly metallic conductivity which rises to almost
10* Sem™! at around 55 K.!~® It has been concluded that
compounds with high electrical conductivities should be form-
ed from donor-acceptor molecules that are in partial oxida-
tion states with uniform structures containing segregated
stacks of the constituent molecules.'* We have prepared®®
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a series of TTF charge transfer compounds with some tran-
sition metal complexes to develope conductive materials, and
pointed that the oxidation state of TTF plays an important
role to exhibit high electrical conductivity. For example, the
powdered electrical conductivity of partially oxidized TTF
salts with iron compounds is five orders of magnitude grea-
ter than those of completely oxidized TTF simple salts.® This
result indicates that partial electron transfer is among the
factors that lead to high electricai conductivity.

In this work, as the extension of the study, we prepared
TTF compounds with some hydrogen transition metal (gold,
platinum, iridium, and osmium) chlorides instead of using
simple metal chlorides complexes. Therefore we investigated
whether the hydrogen is substituted with TTF to form a
simple salt or the partial electron transfer is occurred during
the reaction. The compounds were characterized using elect-
rical conductivity and magnetic susceptibility measurements,
and by EPR, electronic, vibrational spectroscopy, and electro-
chemical method.

Experimental

All chemicals used for preparations were treated under
argon atmosphere in a glove box. (TTF);AuCl, was prepared
by the direct reaction of TTF and HAuCl,-3H,0. HAuCl,* 3H,
O (0.3 mmol} was dissolved in 10 mL of a mixture of deoxy-
genated absolute ethanol and triethylorthoformate (5 : 1). The
HAuCl,-3H,0 solution was added dropwise to excess TTF
(1.0 mmol) dissolved in 25 mL of the same solvent with
constant stirring under an argon atmosphere. The solution
was changed to purple immediately. The reaction mixture
was stirred for ca. 2 hours, and then refrigerated overnight.
The resultant purple colored precipitates were collected by
filtration and washed several times with absolute ethanol.
The microcrystalline precipitates were dried in vacuum dry
oven at room temperature. (TTF);sAuCl, was prepared by
the similar method using CH,Cl, solvent. (TTF);PtCL, (TTF).
IrCly and (TTF)OsCly-1/2C,HsOH were also formed by the
similar method using H:PtCls:xH,0, HolrCls-xH,O and H,
OsClg in ethanol, respectively.

Elemental analysis were performed by Korean Basic Scie-
nce Center (E.A. 1108 Elemental Analyzer), which satisfac-
tory results were obtained for all compounds. The analytical
data of these compounds are given as follows.

Anal. Calc. for (TTF)AuCl;: C, 24.54; H, 1.37. Found:
C, 24.68; H, 145. Calc. for (TTF);5AuCl: : C, 25.66; H, 1.44.
Found: C, 2558; H, 146. Calc. for (TTF):PtClL, : C, 22.76;
H, 127. Found: C, 22.88; H, 1.28 Calc. for (TTFLIrCL: C,
19.40; H, 1.09. Found: C, 19.31; H, 1.28. Calc. for (TTF)OsCl,
+1/2C:H;OH: C, 15.03; H, 1.26. Found: C, 14.99; H, 1.37.

The room temperature powdered electrical conductivities
were determined by compressing the bulk sample between
two graphite rods (5 mm in diameter) surrounded by a glass
tube sheath? These determinations were made with a EG
& G Model 362 scanning potentiostat in a two electrode con-
figuration at room temperature. EPR spectral measurements
were made on powdered samples at 77 K using a ESP-300S
EPR spectrometer at X-band frequency. The field modulation
frequency was 100 kHz. Magnetic susceptibility data were
collected from 5 K to 300 K using MPMS7 (Magnetic Prope-
rty Measurement System) of US.A. Quantum Design by
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SQUID method. The data were collected for temperature
independent paramagnetism and for the diamagnetism of the
constituent atoms using Pascal’s constants® Solid IR spectra
(400-4,000 cm™') were obtained by using potassium bromide
(KBr) pellets with a Polari’s FT-IR spectrometer. Electronic
absorption spectra were recorded on a Shimadzu 265A spect-
rophotometer in solution or in solid/nujol state. Cyclic volta-
mmograms were recorded on a Bio Analytical Systems CV-
S0W Voltammetric Analyzer. Cyclic voltammetric measure-
ments were made with a three electrode system. The refere-
nce electrode was Ag/Ag* (0.01 M AgNO,/0.1 M TEAP CH;,
CN solution) electrode. The working electrode used for cyclic
voltammetry was a platinum electrode, and the auxiliary ele-
ctrode was a small piece of platinum wire. The solutions
used for all techniques were consisted of 0.1 M tetraethyla-
mmonium perchlorate (TEAP) as supporting electrolyte in
N,N-dimethylformamide and metal complex concentration of
1073~10"* M scale.

Results and Discussion

The d.c powdered electrical conductivities (s,) were deter-
mined by compressing the bulk sample between two graphite
rods using the two electrode system connected with poten-
tiostat at room temperature. The results of the electrical
conductivities of TTF-metal compounds are given in Table
1. The electrical conductivities of (TTF)OsCl,-1/2C,H;OH is
up to the range of insulator, whereas the other compounds
are in the range of semiconductor. This result is responsible
for the fact that TTF in (TTF)OsCl1/2C,H;OH are fully
ionized TTF?*, whereas TTF in (TTF);AuCly, (TTF);5AuCl,,
(TTF):PtCl, and (TTF).IrCl; compounds are partially ionized
to give complex charge transfer salts. Additional evidences
for stacks of TTF radicals are provided by the magnetic and
spectroscopic investigations described in the following sec-
tions.

The EPR spectra were obtained for powdered samples at
77 K. The results are also given in Table 1. The EPR spect-
rum of a powdered sample of (TTF);AuCl; at 77 K exhibits

Table 1. EPR parameters and magnetic properties of powder
sample (TTF),.MCl, compounds

EPR parameters  Magnetic
Compound G (S cm™) moment
EPR (BM)
g value®  linewidth’
(Gauss)
(TTFsAuClL 453X 103 g,=2.0029 5 0.86
(TTF);5AuCl, 637X10°*  g,=20025 5 0.91
£,=2.0084
(TTF),PtCl, 551X107* {(g)=2.0073 9 0.94
(TTF).IrCl, 240%107° {g>=2.0080 17 0.82
(TTFH)OsCl, 446X1077  {g>=2.0069 21 073
1/2CHsOH

“The listed g values were measured at 77 K. *The values are
peak-to-peak linewidth (AH,). ‘The magnetic moments were
measured at room temperature.
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Figure 1. The plot of —logo. vs. EPR linewidth (AH,,) for
(TTF),MCl, compounds.

an unsymmetrical shaped spectrum with g,=2.0029 and g, =
2.0081. (TTF»IrCly gave a symmetrical shaped spectrum at
{g>=2.0080. This value is nearly equal to the value of TTF
radical in solution (g=2.00838)° and to the values observed
for a selection of salts containing the TTF donor which
shows g=2.0073-2.0081.'° The EPR spectra of (TTF);PtCl,
and (TTF)OsCl+1/2C.HsOH compounds were also observed
symmetrical shaped spectra. The observed g values indicate
that the EPR signals are arisen from unpaired electrons dist-
ributed on TTF. These values are also comparable to those
of (TTF)CuCl, and (TTF),CuBr, which the odd electron re-
sides on TTF stacks. The EPR signals attributed to metal
ions were not detected in the spectra, implying that the me-
tal atoms are diamagnetic; low-spin Aw(I) 4'°, Pt(I} &8 Ir(IID)
d5, and Os(ID d°.

The linewidth can be used as a measure of the deviation
of a system from one dimensionality. The observed linewid-
ths of TTF-Au, -Pt, -Ir, and -Os compounds at 77 K are
5-21G values which are comparable to those of (TTF),(SCN)s
(~11GY'*™" and (TTF)(SeCN)(~15G).® These relatively
small values are considered as the significant interaction
along the low-dimensional TTF stacks. Tomkiewiez and Ta-
ranko” have explained the variation of the interstack coup-
ling, where it was concluded that the smaller the linewidth,
the larger the coupling among the TTF stacks, thereby lea-
ding to the better conductivity in the stacking direction. This
is not surprising because both the conductivity and the EPR
linewidth are determined by the electron-phonon scattering
rate.”® Another example for narrow EPR lines is (fluoranthe-
nyl),SbFg,'* in which the narrow linewidths are effected from
the delocalization of the electrons over the fluoranthenyl sta-
cks. In order to understand the relation of electrical conduc-
tivity and EPR linewidth, we plot the —logo, versus EPR
linewidth (AH,,) in Figure 1. As EPR linewidth decreases,
the electrical conductivity (logs,) increases, showing good
linear relationship in partially oxidized TTF compounds with
Au, Pt and Ir chiorides (line A), whereas (TTF)OsCl,-1/2C,Hs-
OH deviates from this line. This deviation is expected to
be arisen from complete charge of TTF in (TTF)OsCl-1/2C,
HsOH. However, (TTF)OsCl,-1/2C;H;OH shows good linear
relationship with Ru, Rh-compounds which contain comple-
tely charged TTF (line B). These results show that the elect-
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Figure 2. Temperature dependence of magnetic susceptibility
for (TTF).MCl, compounds. ® (TTF)AuCl;: O (TTF)ssAuCly:
¥ (TTF:PtCL: @ (TTF)IrCl: o (TTF)OsCl,-1/2C,H;OH.

rical conductivity is affected both by the EPR linewidth exp-
ressed low-dimensionality and by the degree of charge on
TTF.

The temperature dependences of the magnetic susceptibi-
lities for the prepared compounds from 4 to 300 K are shown
in Figure 2. The magnetic susceptibilities increase very sli-
ghtly as the temperature decreases, and increase sharply
at low temperature as Curie-like tail, but the data are not
described by the Curie law x(T)=C/T. However, the tempe-
rature dependence of the magnetic susceptibilities is rather
weaker than in Curie taw. This weak temperature depende-
nce is responsible for the fact that the unpaired electrons
are delocalized extensively over TTF spin lattices. The effec-
tive magnetic moments {4 arisen from this delocalized el-
ectron are 0.73-0.94 B.M, which are somewhat less than the
spin-only value of 1.73 B.M for one unpaired electron. This
observation, together with the results of EPR spectra, is con-
sistent with the- conclusion that the oxidation states of metal
ions are diamagnetic Au(D) d'°, Pe(I) &8, Ir(IIl} d°, and Os(II)
d® state, and that the unpaired electrons are delocalized over
the (TTF),* radicals.

The IR spectra were obtained by using KBr peliets. All
of the TTF-metal chloride compounds showed a very broad
intense band extending from the near IR region to a band
edge at ca. 1200 cm™', The intense absorptions are arisen
from the band structure of the semiconducters and masked
many of the vibrational modes of the compounds. Such effe-
cts are commonly observed in highly conductive charge tran-
sfer salts.”® A limited number of vibrational bands of TTF
in the TTF-metal chloride saits are found in the ahsorption
tail in the range of 400-1,400 cm™. The vibrational modes
are tentatively assigned by comparing their positions and
intensities with the reported spectra of one-dimensional TTF
compounds.® The spectral bands and their assignments are
listed in Table 2. The IR assignments have been made for
TTF" ions as well as for TTF molecule.'® The band observed
at ca. 824 cm™! in the spectrum of (TTF)sAuCl; can be assig-
ned to the vis mode (CS stretch) and the v band {ring
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Table 2. Selected vys, v, ves, and vy, vibrational modes of (TTF),.-
MCl, compounds

Absorption Maxima (cin™")

Compound
Vis Vis Va5 Vu

TTFo« 1095 781 794 1530
TTF* < 1072 836 825 1478
(TTFRAuCL 1084 824 816 1501
(TTF)35AuCl; 1082 825 810 1500
(TTF).PtCl, 1095 824 809 1500
(TTF),irCl, 1086 832 822 14M4
(TTF)0sCl-1/2C.HsCH 1089 862 802 1451
(TTF?*)BF, ) ’ 1440

“reference 9. *reference 18

Table 3. Electronic absorption wavelengths of (TTF),MCI, com-
pounds

Electronic spectra

Compound — Sotvemt
(TTF)AuCl 232, 317, 441, 586 DMF
215, 311, 384, 582 solid/nujol
(TTF)usAuCl 261, 316, 442, 586 DMF
226, 301, 365, 567 solid/nujol
(TTF)PtClL 226, 305, 439, 564 DMF
220, 288, 362, 550 solid/nujol
(TTF)IrCl, 265, 319, 363, 530 DMF
220, 298, 364, 523 solid/nujol
(TTP)YOsCL-1/2C,HOH 257, 317, 374, 562 DMF

222, 329, 402, 546 solid/nujol

SCC bend) is generally masked by the vy band. A shoulder
observed at 816 cm™! in the spectrum of (TTF)AuC); may
be assigned to the v, mode. Both the C-S band (vi) and
C=C band (v5) are usually affected by the variation of bond
orders and bond lengths due to the oxidation of TTF. The
observed values are between those reported to the TTF mo-
lecules (w5 : 1095, vis: 781 ¢cm™!) and the TTF from radical
(vis : 1072, vi6: 836 cm™?), providing further evidence of the
partial oxidation of the TTF molecule in (TTF);AuCl; com-
pound (vis: 1082, vis: 824 cm™!). Similar results were obser-
ved for the (TTF);PtCl, and (TTF).IrCly compounds. Whereas
the observed value of vy, (C=C stretching bands) inf(TTF)OsCl
+°1/2CHsOH compound is close to that in (TTF?")
(BF,™), salt."” Of the C-C stretching bands in five membered
TTF ring, the viy mode has been observed to undergo large
shifts of approximately 50 cm™' per unit charge on oxidation
of TTF.® Therefore the observed vy value indicates that
(TTF)OsCl,+1/2C;HsOH consists of TTF?* and OsCl*~.
Electronic spectra were recorded from 200-800 nm both
in DMF solution and solid/nujol state. The results are sum-
marized in Table 3. Wudl ¢f al.? have reported the maximum
absorbance wavelength (Awz) of the TTF radical in H.O ap-
pears at 340 (b3 b1, 435 (br—d3), and 575 nm (by—by).
These electronic transitions are comparable to the results
found for the compounds in this study. The absorption bands
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above 500 nm is interpreted as the intramolecular interaction
of conjugated n molecular radicals.’®

Cyclic voltammograms of TTF-metal compounds were re-
corded in DMF/0.10 M TEAP from —1.6 to +0.8 V versus
a Ag/Ag* (0.01 M AgNO,/0.1 M TEAP CH;CN solution) elec-
trode. The cyclic voltammogram of (TTF):AuCl, shows Ep»
potentials at —001 V (E,=~004, E,=00> V) for the
TTE/TTF* couple and at +0.23 V (E,,=020, E,,=025 V)
for the TTF*/TTF** couple. The cyclic voltammogram of
TTF also exhibits almost same values: one at ~(¢ V and
the other at +0.23 V. Similar results were observed for the
other TTF-Pt, Ir, and Os chlorides compounds. A peak attri-
butable to metal was not detected in any case, and hence
oxidation-reduction of the complex is localized to the ligands
rather than to the metal center.'

Conclusions

We have prepared (TTF);AuCl, (TTF)54uCly, (TTF),PtCL,
(TTF)IrCly, and (TTF)OsCly-1/2C,HsOH charge transfer co-
mpounds from the reaction of TTF and the corresponding
hydrogen metal chlorides. The experimental results show
that incomplete charge transfer has occurred from TTF do-
nor to gold, platinum and iridium respectively, whereas
(TTF)OsCly+ 1/2C,H:OH has completely ionized TTF®* ion
in a form of simple salt. The odd electrons are extensively
delocalized over the TTF lattice in each compound. This
low-dimensional interstack interaction is reflected in the ele-
ctrical and EPR parameters. The smaller EPR linewidth, the
better electrical conductivity in both the partially and comp-
letely ionized TTF charge transfer compounds. This observa-
tion may be useful in the design of molecular based conduc-
ting materials with prescribed electrical and EPR properties.
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The dissociative recombination of O,* (v~ }+e” —0('S}+ O('D) has been theoretically investigated using the multichannel
quantum defect theory (MQDT). Cross sections and rate coefficients at various electron energies are calculated, The
resonant structures in cross section profile, which are hardly measurable in experiments, are also determined and
the existence of Rydberg states is found to affect the rates. The theoretical rate coefficients are computed to be
smaller than experimental ones. The reasons for this difference are explained. The two-step MQDT procedure is
found te be very useful and promising in calculating the state-to-state rates of the dissociative recombination reaction
which is a very important and frequently found phenomenon in Earth’s ionosphere.

Introduction

The capture of an electron by a positive ion {recombina-
tion) requires that the electron goes from a free to a bound
state and thus, in some manner, gives off energy. The energy
may be given to a third body or it may be radiated away
as a result of free-bound transition. When the third body
is the molecule {the positive ion combined with the incident
electron) itself, the releasing energy can break the molecule
into atomic fragments. This phenomenon is called dissocia-
tive recombination of an ion with an electron.

The green line of oxygen is observed in the night sky
and in aurora. It was suggested that the oxygen green line
which is a prominent feature of the spectrum of the night
sky is due to the formation of the excited atom O('S) through
the dissociative recombination of O, ions with electronsl.

The following reaction produces the oxygen atom in the
excited 'S state

0" +¢ —=0CD)+ O('S). (1)

And, in the upper atmosphere, this O('S) falls into the lower
D state and, consequently, the light of 5577 A (green) is
emitted.® Therefore, in astrophysics, it is of considerable in-
terest to determine the recombination rates for production
of excited oxygen atoms. '

Zipf has measured the absolute intensities of 'S(5577 &)
and 'D(6300 ﬁ) radiation coming out from the reaction (1}
using a microwave afterglow apparatus.’® By relating the de-
cay of intensity to the measured decay of electron density,
he obtained values for the partial rates; namely, a(*S)=2.1X
107° em®/sec and a(*D)=1.9X10"7 cm®/sec at 300 K. And
his microwave afterglow results gave a quantum yield of
0.1 and 0.9 for O(S) and O('D), respectively.

During the last decade, in both laboratory and in situ at-
mospheric experiments the quantum yield of the excited sta-
tes O('S), OCD), and O('P) of oxygen atoms was explored.*~!!
And a review for the O('S) quantum yields obtained from
the satellite and rocket measurements was given by Yee ef
al.”? Since the total rate as a function of ion vibrational level
{v*) has not been determined experimentally, the theoretical
quantum yields for #*=1 and 2 can test the assumption
that the total rate is constant over v~

From a theoretical point of view, the dissociative recombi-
nation can be considered as an ion-electron collision process.
So dynamic theories can be applied to this problem. Among
those theoretical tools, multichannel quantum defect theory
(MQDT) has been successful in investigating dissociative re-
combinations of H.*,"*~" HD*® D,*,}*® CH** and NO*
ions?~¥ with low energy electrons.

MQDT?~® has brought a remarkable progress to theoreti-



