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Abstract: Muonium has been used as an H atom analogue to investigate the free radicals formed by H addition to the
polyaromatic hydrocarbon fluoranthene. There are nine unique carbons in the molecule, but only five radicals were de-
tected. Muon and proton hyperfine constants were determined by transverse field uSR and uLCR, respectively, and
compared with calculated values. All signals were assigned to radicals formed by Mu addition to C-H sites. There is
no evidence for addition to the tertiary carbons at ring junctions.
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Résumé : Les radicaux libres formés par addition de 1’atome d’hydrogéne a la molécule aromatique du fluoranthéne
ont été étudiés en utilisant le muonium comme analogue de I’atome d’hydrogene. Il y a neuf carbones non-équivalents
présents dans la molécule, toutefois, seulement cinq radicaux libres ont été détectés. Les constantes hyperfines du
muon et de certains des protons ont pu étre déterminées par spectroscopies LWSR et ULCR et les valeurs obtenues ont
été comparées a des valeurs calculées. Tous les signaux observés ont pu étre attribués aux radicaux libres formés par
I’addition de Mu aux carbones portant le groupe C-H; I’addition de Mu aux carbones tertiaires qui joignent les cycles

aromatiques ne se fait pas.

Mots clés : muonium, fluoranthéne, radicaux libres, constantes hyperfines.

Introduction

One of the interesting questions raised in the past decade
of research on fullerenes is how reactivity to radical attack is
influenced by curvature of a carbon skeleton (1-3). Consider
the addition of a single H atom or other small radical to Cg
and to C,,. In the former case there is only one possible rad-
ical product, since all carbons are identical. In contrast, the
ellipsoidal C;, has five chemically inequivalent sets of car-
bon atoms, and therefore five distinct radicals could be
formed. Of these, the least reactive is the carbon at the
“equator” where the curvature is least. Since high reactivity
is associated with release of strain energy at a site of high
curvature (1), it follows that planar carbon sites would be
least reactive.

To test the reactivity of “flat” polyaromatic hydrocarbons
(PAHs) we investigated Mu or H atom addition to pyrene,
whose carbon skeleton can be considered a fragment of C,,
(4). Three radicals were identified, but all are formed by Mu
addition to secondary carbons at the edge of the molecule, in
the same way that cyclohexadienyl is formed by H or Mu

Received 18 October 2002. Published on the NRC Research
Press Web site at http://canjchem.nrc.ca on 14 January 2003.

J.-C. Brodovitch, B. Addison-Jones, K. Ghandi, 1.
McKenzie, P.W. Percival,! and J. Schiith.? Department of
Chemistry and TRIUMF, Simon Fraser University, Burnaby,
BC V5A 156, Canada.

!Corresponding author (e-mail: percival @sfu.ca).
%Present address: debis Systemhaus Information Security
Services GmbH, Rabinstrasse 8, 53111 Bonn, Germany.

Can. J. Chem. 81: 1-6 (2003)

doi: 10.1139/V02-191

addition to benzene. No evidence was found for addition at
the tertiary carbon sites that most resemble those of a fullerene.

The present study is an extension of our investigation to
fluoranthene (Fig. 1). Although the PAH itself is planar, its
carbon skeleton is a common fragment of fullerenes where
isolated five-membered rings are surrounded by 6-rings.
Since this feature introduces curvature to a fullerene, its
presence might promote radical addition at ring junctions in
PAHs.

As far as we know there is no literature data on mono-
hydrofluoranthene radicals.

Muon spin rotation and muon level-crossing
resonance experiments

Experiments were performed at the M20 muon beam line
of the TRIUMF cyclotron facility in Vancouver, BC. The
sample was pure fluoranthene sealed oxygen-free in a stain-
less steel vessel fitted with a thin steel foil window. Its tem-
perature was maintained at = 117°C (above the melting point
of fluoranthene) by passing fluid from a constant tempera-
ture bath (set at 120°C) through the sample mount, which
was surrounded by vacuum. A liquid sample was needed to
ensure sharp spectral features by averaging anisotropic
hyperfine parameters. The alternative to a neat liquid is to
use a solution, as in the previous study (4), but this generally
leads to less intense radical signals, as a fraction of the inci-
dent muons end up in the solvent.

Transverse field muon spin rotation (UWSR) and muon
(avoided) level-crossing resonance (LCR) spectra were accu-
mulated over a period of several days. Apart from the higher
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Fig. 1. The fluoranthene molecule and the [UPAC numbering
system used in this paper.

Fig. 2. Part of the Fourier power USR spectrum from liquid
fluoranthene at 118°C in an applied magnetic field of 17.34 kG.
The peaks labeled 1-5 are due to free radicals formed by Mu
addition to different sites in the fluoranthene molecule.
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temperature, the apparatus and measurement procedures
were as described previously (4). Spin-polarized positive
muons (4 MeV) were extracted from the beam line and
stopped in the sample, which was mounted in the
HELIOS uSR spectrometer whose magnetic field was
aligned along the beam direction. Transverse muon polariza-
tion was used for the {SR measurements and longitudinal
polarization for LCR, with the positron counters arranged
accordingly (4). Figure 2 shows an example of a uSR spec-
trum at a fixed magnetic field, 17.34 kG. The LCR spectrum
displayed in Fig. 3 is a composite of many individual runs
over different field ranges. Repeated runs were needed to
achieve acceptable signal-to-noise for the weakest signals.

The signals of five radicals are evident in the transverse
field uSR spectra; two of them are almost degenerate (close
to 60 MHz in Fig. 2). Although each radical gives rise to a
pair of muon precession frequencies (Vg; and Vg,; see eq. [1]
below), only the lower frequency signals are visible in the
range displayed in Fig. 2. (Their higher frequency partners
are less intense, mainly because of the limited time resolu-
tion of the apparatus.) Measurements at different magnetic
fields confirmed the assignment of the signals to muoniated
radicals. Their muon hyperfine constants (A,) were calcu-
lated from theoretical expressions for the precession fre-
quencies (4, 5)
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Fig. 3. Muon level-crossing resonance spectrum from liquid
fluoranthene at 117°C.
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Table 1. Measured muon hyperfine constants for the five ob-
served Mu-fluoranthenyl radicals and their relative abundance de-
rived from USR signal amplitudes.”

Radical A, (MHz) Abundance (%)
1 263.87(1) 35.8(7)
2 348.95(2) 26.8(7)
3 347.35(3) 14.2(7)
4 434.86(5) 13.7(6)
5 402.25(6) 9.5(1.1)
“Statistical uncertainties are shown in parentheses.
1 1
(1] VR1 = Vimid — EA” and VR2 = Vimia T EA“

where
21 Vg = %[ AL+ (Ve + V)7 -V, +vu]

and v, and v, are the electron and muon Larmor frequencies.

The results are summarized in Table 1, which also lists
the relative abundances of the five radicals as determined
from the signal amplitudes. In principle, nine different radi-
cals could be formed by Mu addition to fluoranthene, since
there are nine unique carbons (1, 2, 3, 7, 8, 10a, 10b, 10c,
and 3a; all but the last two are doubly degenerate; see
Fig. 1). Assignment of the USR signals to specific radical
structures is not possible without further information, so at
this stage they are simply labeled 1-5 in decreasing order of
intensity.

Interpretation of the LCR spectrum (Fig. 3) is more com-
plicated. Each of the five radicals detected by SR will also
have hyperfine interactions between the unpaired electron
and the protons in the molecule. Since fluoranthene has ten
protons, each muoniated radical could potentially give rise
to ten LCR resonances, with the signals from different radi-
cals distributed in overlapping field regions. In practice only
the largest proton couplings are likely to give detectable sig-
nals, and the LCR signals will also be scaled by the radical
abundances (Table 1). Up to 17 resonances can be distin-
guished in Fig. 3. Their differential-like shape is a result of
square-wave modulation of a small component of the ap-
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Table 2. Fitted parameters of muon level-crossing resonances de-
tected for Mu-fluoranthenyl radicals.

Table 3. Assignment of muon level-crossing resonances due to
methylene (-CHMu-) groups in Mu-fluoranthenyl radicals.

Field (kG) Width (G) Relative amplitude
10.434(1) 38(2) 1.00
13.771(1) 53(2) 0.60(2)
13.867(3) 42(5) 0.18(2)
15.4272(5) 15.4(7) 0.38(1)
16.120(4) 57(7) 0.11(8)
17.325(5) 70(14) 0.18(2)
19.161(2) 13(3) 0.067(8)
19.349(2) 20(4) 0.077(8)
19.466(4) 17(8) 0.033(8)
19.721(4) 24(6) 0.042(6)
22.819(34) 45(19) 0.013(7)
23.717(7) 46(14) 0.03(4)
24.246(6) 11(8) 0.03(2)
24.771(7) 24(11) 0.026(8)

plied magnetic field, which is used to suppress some of the
baseline fluctuations (4). The resonances were fitted with a
Lorentzian line shape; the fit parameters for the strongest 14
are gathered in Table 2. The few extra features that could
not be fitted with physically meaningful parameters are
barely above the noise and were ignored in the final analy-
sis.
For protons, the resonance field is given by (4,5)

31 Bux = ;[;‘“ :?P : A“; A‘”}
w = e

where A, is the proton hyperfine constant (hfc) and vy,, v,
and vy, are the magnetogyric ratio of the muon, proton, and
electron, respectively. In addition, the width and the ampli-
tude of a resonance are given by

[4]  Width = VOt + Ao

1
2wy —7vp)

(5] Amplitude « — @LcR
(D%CR + 7‘ gff

where oy ¢ is the frequency at resonance and A the effec-
tive relaxation rate (muon decay rate plus any additional re-
laxation contribution),

ﬁn A
[6] OLcR = ﬁ

YeBLCR

and c is the number of magnetically equivalent protons at
resonance.

Clearly, to calculate the hyperfine constant of a particular
proton from its resonance field position (B cg) it is neces-
sary to know the value of the muon hfc (4) for that particu-
lar radical. Thus, the first step in assigning the LCR
resonances is to deduce which resonances correspond to
which A, values. Our experience interpreting the LCR spec-
trum of muoniated pyrenyl isomers was beneficial, and fol-
lowing the procedure described in ref. (4) we identified five
resonances due to the —-CHMu- group. As indicated in

Field (kG) Assignment A, (MHz) A, (MHz) (A,/A)/3.183
10.434(1) 1 263.87(1)  68.81(2) 1.20
13.771(1) 2 348.95(2)  91.50(3) 1.20
13.867(3) 3 347.35(3)  88.13(6) 1.24
16.1204) 5 434.86(5) 111.01(10) 1.23
17.325(5) 4 402.25(6) 100.93(9) 1.25

Table 4. Relative energies of formation and muon hfcs calcu-
lated for the nine possible fluoranthenyl radicals, compared with
the experimental muon hfcs and the radical assignment.

AE A (caled.) Ay(exptl.)

Mu site (kJ mol ™) @ (MHz)*? (MHz) Radical
C-3 0 278 264 1
C-1 17 346 347 3
C-8 35 355 349 2
C-2 42 394 402 5
C-7 43 430 435 4
C-6a 58 441 — —
C-6b 72 498 — —
C-10c 107 732 — —
C-3a 139 893 — —

“Single point UB3LYP/6-31G** on UB3LYP/STO-3G optimized
geometry.

*Includes a factor of 1.20 to account for the primary isotope effect.

Table 3, the ratio of muon and proton hfcs is in the range
1.20-1.25 after correction for the different magnetic mo-
ments (correction factor = 3.183). This muon—proton isotope
effect is typical for cyclohexadienyl type radicals and is con-
sistent with zero-point vibrational effects in anharmonic vi-
brational modes (5, 6).

The remaining resonances from Table 2 are narrower than
those assigned to the methylene groups and can be attributed
to o protons (protons attached to a carbon that carries signif-
icant unpaired spin density). Beyond that one must turn to
theoretical prediction to help in the assignment.

Computation and discussion

Model calculations were performed on the nine isomeric
H atom adducts of fluoranthene using density functional the-
ory (DFT) as implemented in the Gaussian suite of programs
(7). The structures were optimized at the UB3LYP/STO-3G
level, and then single-point computations were performed at
the UB3LYP/6-31G** level to calculate the hyperfine con-
stants and Hartree—Fock energies.

The molecular geometry for each H adduct radical should
also be valid for the muoniated species, within the Born—
Oppenheimer approximation. Similarly, electron distribu-
tions should be identical for isotopomers. However, zero-
point vibrational effects are larger for normal modes involv-
ing Mu, and this can result in considerable isotope effects on
vibrationally averaged hyperfine interactions. In particular,
such effects have been investigated for cyclohexadienyl (6)
and HC¢, (8). In view of the preliminary assignments and
hfc ratios indicated in Table 3 we scaled computed proton
hfcs by a factor of 1.20 to predict the muon hfc (a factor of
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Table 5. Comparison between calculated and experimental muon and proton hfcs (in MHz) for the five assigned Mu-fluoranthenyl
radicals (Mu-FA). The experimental proton hfcs were determined from eq. [3] and are listed in order of the corresponding level-

CI'OSSiIlg resonances.

1 (3-Mu-FA) 2 (8-Mu-FA) 3 (1-Mu-FA) 4 (7-Mu-FA) 5 (2-Mu-FA)

Nucleus  Site  Caled.  Exptl. Calcd.  Exptl. Calcd. Exptl. Calcd.  Exptl. Calcd. Exptl.

278P 263.87 355" 348.95 346°
C3 68.8¢  68.81(2)
C8 87.4°  91.50(3)

=1

2 312 -23.70(1)

c2

2 9.3
c8 -10.8
CS e “ee e “ee _14
Cl10 -11.1
c7T . ~19.9  -14.00(8)
.. 277 —18.74(7)

C6

C4

c3

c8

Cl10

T T T s TTZTTTZITTITX

T T =

347.35 4300 434.86 3940 402.25

Cl 85.4¢ 88.13(6)

97.1¢ 100.93(9)
105.9  111.01(10)
~9.93(5)¢

—13.43(4)¢

-18.8
-17.0
-47.9 -39.8(1)

—23.2(6)¢

-22.8 -17.22(12)
-31.6 —26.94(14)

“Single point UB3LYP/6-31G** on UB3LYP/STO-3G optimized geometry.
’Includes a factor of 1.20 to account for primary isotope effect.

‘Includes a factor of 0.94 to account for secondary isotope effect.
“Accidentally doubly degenerate (see text).

3.183 is also required to account for the magnetic moment).
Similarly, taking account of prior experience (4), we used a
factor of 0.94 for the corresponding H in a -CHMu- group.

The relative Hartree—Fock energies of the nine H adduct
radical isomers are listed in Table 4 together with the corre-
sponding predicted muon hfcs. The hfcs of the first five en-
tries (lowest energies) are well matched to the experimental
data, although one cannot exclude the H adduct to carbon 6a
on this ground alone. The radicals were thus assigned as in
the last column of Table 4. It is significant that, as in the
case of pyrene (4), only products of attack at H-bearing car-
bons are experimentally detected. Otherwise, we would have
found a muon hfc without a corresponding -CHMu-— proton;
Table 3 shows that this was not the case.

The calculations also provide the hfc of each proton for
each radical species. Using eqs. [3—6], the LCR field, width,
and amplitude (weighted with the radical abundance) of the
corresponding signals may be predicted. It is then possible
to test if the calculated hfc values are found to be a reason-
ably close match with experimental data obtained after mak-
ing an a priori assumption of the muon hfc to use for each
level-crossing resonance. The results of our analysis are dis-
played in Table 5.

In this fashion most of the observed LCR signals were as-
signed, although ambiguity and inconsistency remain for some
of the weaker features observed. For example, in the case of
the Mu-1-fluoranthenyl radical (radical 3), calculations predict
four negative hfcs for protons in positions 2 (-9.3 MHz), 8
(-10.8 MHz), 5 (-14.1 MHz), and 10 (-11.1 MHz). Experi-
mentally, in the expected field region only two LCR reso-
nances are observed (at 19.35 kG and 19.47 kG), from which
one derives proton hfcs of -9.93 MHz and -13.43 MHz. A

good fit is obtained if it is assumed that each of these
resonances is actually accidentally doubly degenerate, which
suggests that protons in positions 2, 8 and 5, 10 have,
pairwise, very close hfcs not quite reproduced by the calcu-
lations.

Conclusions

Five muoniated radicals (out of the possible nine) are
formed by the addition of muonium to fluoranthene. Using
DFT calculations as guides for the assignment of the various
experimental spectral features, the hyperfine constants of the
muon and selected protons in the various radicals could be
obtained. The results are summarized in Fig. 4, in which all
the assigned hfcs are shown on the structure diagrams for
the radicals detected. Unlike the situation for Cgqy or Cy,
there is no evidence of a radical being formed by Mu attack
on one of the trigonal carbon sites (positions 3a, 6a/10b,
6b/10a, 10c), although calculations suggest that an attack at
position 6a/10b might be possible.

From the hyperfine constants of the o-protons obtained
experimentally, it is also possible to deduce the distribution
of unpaired m-spin density p, on the corresponding carbon
using McConnell’s relation (9)

[7] Ay = Qypqy, Where Q, = =75 MHz

The results are displayed in schematic form in Fig. 5. For
clarity, only positive spin densities are displayed. Since the
experimental data reported here give no direct information
on carbon atoms not bearing a hydrogen (such information
could be obtained from experiments on '3C enriched fluo-
ranthene), the corresponding unpaired spin density displayed
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Fig. 4. Assigned hyperfine constants (in MHz) for the five fluoranthenyl radicals. Alternative assignments or degenerate values for rad-

icals 3 and 5 are shown by question marks.
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Fig. 5. Principal sites of positive unpaired m-spin density in the five muoniated fluoranthenyl radicals detected. The circled areas are
proportional to the spin density as determined from calculations and confirmed from experimentally determined proton hyperfine con-

stants (shaded areas).
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in Fig. 5 was taken from the calculations. It is apparent that
most of the protons adjacent to significant unpaired spin
density have been detected in the present experiment. How-
ever, the calculations seem to indicate that there is signifi-
cant unpaired spin density on carbons 1 and 3 of radical 2
and carbons 4 and 6 of radical 4, and that the corresponding
proton hfcs may be measurable. In addition, there are a few
cases where negative spin density may be sufficient to give
rise to measurable positive o-proton hfcs.

It is evident from Fig. 5 that radical 1, the lowest energy
isomer, is also the one with the greatest spread of unpaired
m-spin density, consistent with a general notion of resonance
stabilization. However, it would be dangerous to infer much
from the apparent correlation between A, and radical energy
(Table 4), since other factors contribute to both the relative
energies of the radicals and to the muon hfc. In particular,
the hfc depends on geometric factors (the dihedral angle be-
tween the C—Mu bond and the z-axis of the ©-spin system)
and the unpaired spin density on the adjacent carbon atoms
(10, 11).

Similarly, the fact that the lower energy radicals were de-
tected and not those corresponding to Mu(H) addition at
trigonal carbon sites is related to the energy required to dis-
tort the carbon skeletons of the latter. However, it is impor-
tant to realize that the relative abundance of the radical
isomers depends on kinetic competition for the various sites,
and that this reactivity is determined by the activation en-
ergy for Mu(H) addition, which is only indirectly linked to
the radical (product) energy.

The findings reported in this paper and the preceding
study of Mu addition to pyrene (4) show that planar PAHs

1-Mu-FA

7-Mu-FA 2-Mu-FA

are not good models to investigate the reactivity of fullerene
fragments. Therefore, as the next stage in our exploration of
this topic we have undertaken a study of Mu addition to a
pyrenophane, a PAH with a curved carbon skeleton (12).
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Formation of the charge-transfer exciton in 1,3,5-
triphenyl-2-pyrazoline nanocrystals

Hongbing Fu, Debao Xiao, Ruimin Xie, Xuehai Ji, and Jian-Nian Yao

Abstract: A series of 1,3,5-triphenyl-2-pyrazoline (TPP) nanocrystals were prepared by the reprecipitation method. The
electronic transitions of TPP nanocrystals have been studied using both absorption and fluorescence spectra. An absorp-
tion feature at about 400 nm gradually appeared with increasing nanocrystal size. This feature resulted from the forma-
tion of the charge-transfer (CT) exciton in nanocrystals. It was also supported by the longer decay time of the
nanocrystal emission from CT compared with that of the solution emission from S; at 298 K. On the other hand, the
different behavior of the molecular m—n* and n—m* transitions originates from the different overlapping modes of the
pyrazoline w orbital and n-electron orbital, according to the molecular model calculations. The nanocrystal emission
from both the S; and CT states was found at 77 K; moreover, the emission intensity redistributed from S; to CT with
increasing nanocrystal size. In contrast, at 298 K, only the emission from the CT states was observed, since the ther-
mal fluctuation easily relaxes the excited electrons into CT states through vibration.

Key words: reprecipitation method, organic nanocrystals, charge-transfer exciton, size-dependent property.

Résumé: Utilisant la méthode de reprécipitation, on a préparé une série de nanocristaux de 1,3,5-triphényl-2-pyrazoline
(TPP). On a étudié les spectres d’absorption et de fluorescence ainsi que les transitions électroniques des nanocristaux
de TPP a I’échelle nanocristalline. Une caractéristique d’absorption aux environs de 400 nm apparait graduellement
avec une augmentation de la taille nanocristalline qui conduit a la formation de I’exciton de transfert de charge (TC)
dans les nanocristaux; ceci est supporté par le fait que, a 298 K, le temps de décroissance de 1’émission nanocristaline
a partir de 1’état TC est plus long que celui de I’émission en solution a partir de S;. Par ailleurs, il semble sur la base
de calculs de modeles moléculaires, que le comportement différent des transitions n—* et n—n* moléculaires trouve
son origine dans un mode de recouvrement différent de I’orbitale T de la pyrazoline et de Iorbitale de I’électron n. A 77 K
on a observé une émission nanocristalline tant a partir de 1’état S; que de 1’état TC; toutefois, avec une augmentation
de la taille nanocristalline, on observe que I’intensité de 1’émission se redistribue de S; a TC. Toutefois, a 298 K, on
n’observe que 1’émission provenant des états de TC puisque la fluctuation thermique permet de faire facilement passer
les électrons excités vers les états de TC par le biais de vibrations.

>

Mots clés -
la taille.

[Traduit par la Rédaction]

Introduction

In the past decades, the synthesis of semiconductor nano-
crystals with controlled size (1-2), shape (3), and composi-
tion (4) have paved the way for numerous spectroscopic
studies, which assigned the quantum dot electronic states
and mapped their evolution as a function of size. One of the
most interesting findings is the strong effect of confinement
on electron-hole pairs in semiconductor quantum dots,
which leads to their size-tunable optical properties (5). This
type of confinement is not expected in organic crystals be-
cause of the small radius of the Frenkel exciton, which is the
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reason for the scarcity of reports on the preparation of nano-
crystals from general organic molecules (6-11). However,
by alternating multiple quantum-well structures grown by
organic molecular beam deposition, Forrest and co-workers
(12, 13) were able to report the confinement effect on the
charge-transfer exciton in 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA) and 3.4,7,8-naphthalenetetracar-
boxylic dianhydride (NTCDA). Because of the great diver-
sity of organic molecules compared with inorganic
compounds, there is a challenge to extend the research on
nanocrystals from metals and semiconductors to the organic
field. The electronic and optical properties of organic semi-
conductors are fundamentally different from those of inor-
ganic metals and semiconductors owing to the weakness of
the van der Waals type intermolecular interaction forces (14,
15). To understand how these properties develop as a func-
tion of size is of fundamental (16) and technological interest
an.

Pyrazoline derivatives have been widely used as optical
brightening agents for textiles and paper because of strong
fluorescence (18, 19) and as a hole-conducting medium in
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photoconductive materials (20, 21) and electro-luminescence
(EL) devices (22). 2-Pyrazolines containing electron donors
and acceptors at their 1- and 3-positions have intrinsically
large molecular hyperpolarizabilities and are considered to be
important organic heterocyclic semiconductors (23). In our
previous work, the optical size dependence of nanoparticles
of 1-phenyl-3-((dimethylamino)styryl)-5-((dimethylamino)phe-
nyl)-2-pyrazoline (PDDP) was identified and found to origi-
nate from the formation of the charge-transfer (CT) exciton.
The optical size dependence was found to correspond to in-
creasing nanoparticle size (24). The research outlined in this
article is an extension of the above research. For this paper
1,3,5-triphenyl-2-pyrazoline (TPP) nanocrystals of different
sizes have been prepared; further, their optical properties
have been found to present as a function of crystal size ow-
ing to the formation of the charge-transfer exciton. The opti-
cal size effects presented by pyrazoline nanocrystals are
likely to be important, considering future luminescence ap-
plications of organic materials.

Experimental section

Materials

The compound 1,3,5-triphenyl-2-pyrazoline (TPP) was
synthesized according to ref. 18 and confirmed by NMR and
MS. TPP nanocrystals were prepared as follows: quantities
of TPP—ethanol solution (1.0 x 107> mol-L™") were injected,
with vigorous stirring, into 10 mL of water using a 100 pL.
microsyringe. The TPP molecules began to aggregate at
once and nanocrystals dispersed in water were obtained. By
controlling both the quantity of TPP—ethanol solution in-
jected into water and the temperature, the size of the nano-
crystals could also be controlled. For example, when 40 and
100 pL of the TPP—ethanol solution was injected, the final
nanocrystal sizes were 60 and 125 nm at 25°C or 90 and
170 nm at 50°C, respectively.

Methods

The UV-vis absorption spectra of the nanocrystals in wa-
ter dispersion were measured using a SHIMADZU UV-1601
PC double beam spectrophotometer. The steady-state fluo-
rescence excitation and emission spectra were recorded with
a Hitachi F-4500 spectrometer. The measurements of fluo-
rescence lifetimes with excitation at 360 nm were per-
formed, with monitoring at 445 nm for the solution and at
465 nm for the nanocrystals, on a Horiba NAES 1100 nano-
second fluorometer. The sizes and shapes of the nanocrystals
were observed by means of the field emission scanning elec-
tron microscope (JSM-6301F). The mean size and the size
distribution of nanocrystals dispersed in water were also
evaluated by the dynamic light-scattering (DLS) technique
using a Zetaplus BI-9000 (Brookhaven Instruments Corpora-
tion, U.S.A.). The same instrument was also used to measure
the surface electric &-potential of the nanocrystals.

Molecular modeling calculations were carried out using
CHEM3D Pro 4.0, which was developed by CambridgeSoft
Corporation (Mass., U.S.A.). Molecular modeling was done
on a Pentium 266 using an MM?2 force field. The structures
of two neighboring TPP molecules in the nanocrystals were
drawn and the minimum energy of configuration was ob-
tained by energy minimization in vacuum conditions. The
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modeling was also done using the PM3 semiempirical quan-
tum mechanical method for a TPP molecule pair in the
nanocrystal. The minimization procedure involved systemat-
ically altering the coordinates of the atoms and estimating
the conformation until a minimum energy configuration was
reached.

Results and discussion

We successfully prepared a series of TPP nanocrystals
ranging in size from tens to hundreds of nanometers, la-
belled NC1, NC2, NC3, NC4, and NC5 — corresponding to
the average nanocrystal sizes 30, 60, 90, 125, and 170 nm,
respectively. The nanocrystal dispersions in water appeared
turbid white because of the light scattering property of nano-
crystals; moreover, the color deepened as the nanocrystal
size increased. Some of the field emission scanning electron
microscopy (FESEM) photographs are shown in Fig. 1, in
which the average crystal sizes are 60, 125, and 170 nm.
These values agree roughly with those determined by the dy-
namic light scattering (DLS) technique. It can be seen from
Fig. 1 that the shape of the TPP nanocrystals is cubic, which
suggests that the crystallization of the TPP nanocrystals is
good. In the process of observation, the original sharp mar-
gins of the cubic nanocrystals was blurred over time by the
bombardment of electrons, as a result of the surface effect,
which caused a reduction in the melting point (16). The
measurements of the surface electric &-potential of the nano-
crystals shows that they are negatively charged.

Figure 2 displays the UV—vis absorption spectra of differ-
ent sizes of TPP nanocrystals dispersed in water. For com-
parison, the spectrum of a dilute TPP—ethanol solution (1.0 x
10~ mol-L!), which has three peaks at 240, 305, and
357 nm, is also displayed (Fig. 2(m)). It has been reported
that the UV band at 240 nm arises from the phenyl ring
(Ppheny1)> and the other two *peaks at 305 and*357 nm are due
to the pyrazoline ring n—-n (P, ;+) and m—m (P,_;+) transi-
tions, respectively (25-27). No spectral changes were ob-
served when the concentration changed from 1.0 x 107 to
1.0 x 10 mol-L™!. As the nanocrystal size increases from
NCI to NCS, the Py, of the TPP nanocrystal is observed
to shift to longer wavelengths, while the P,_.. remains at al-
most the same position. Moreover, the peak in the region of
350~425 nm broadens and its shape changes from symmet-
ric to asymmetric. The asymmetric peak located at approxi-
mately 350~425 nm actually consists of two peaks,
especially for NC4 or NC5. The one at shorter wavelengths
originates from the m—m" transition of TPP molecules. The
other at longer wavelengths is strongly affected by the nano-
crystal size, becoming vanishingly small for crystal sizes
<30 nm. This behavior is expected for an aggregate state
arising from the m—m orbital overlap of closely stacked TPP
molecules in nanocrystals; it is similar to previous observa-
tions of absorption by aggregate states in other organic mo-
lecular crystals such as o-perylene (28), Cq, (29), and
3,4,9,10-perylenetetracarboxylic dianhydride (30). In addi-
tion, the absorption spectrum of the solution has no detect-
able peak in the region of 400—420 nm, in contrast to the
absorption spectrum of NC1, although the solution concen-
tration of TPP molecules in the system is greater than that of
the NCl-water dispersion, which was prepared by injecting
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Fig. 1. The FESEM photographs of TPP nanocrystals: (a) 60,
(b) 125, and (c) 170 nm.

40 uL of a 1.0 x 103 mol-L~! TPP-ethanol solution into
10 mL of water at 0°C. From this, we infer that the peak at
longer wavelengths is associated only with aggregate forma-
tion; we have labelled it Pcr.

To accurately determine the detailed behavior of absorp-
tion transitions based on nanocrystal sizes, each spectrum in
Fig. 2 was fitted to four Gaussian peaks using the parame-
ters provided in Table 1. The inset in Fig. 2 is a sample fit
for the spectrum of NC4. The most interesting phenomenon

Fig. 2. The UV-vis absorption spectra of different sizes of TPP
nanocrystal dispersed in water. The spectrum of a 1.0 x 10~ mol-L™!
TPP-ethanol solution (m). Inset: the sample numerical fit to the
absorption spectrum of NC4.
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Fig. 3. The fluorescence excitation spectra of different sizes of
TPP nanocrystals dispersed in water, measured at room tempera-
ture. The spectrum of a 1.0 x 10~ mol-L~! TPP-ethanol solution
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is that the relative oscillator strength of the =—%t" transition,
F,_z+ which was determined from the peak area percentage
of m-m" absorption for the whole absorption of the
pyrazoline ring, basically keeps the same value (about
83.5%) for different nanocrystal sizes. On the other hand,
F,_ - decreases from 14.2 to 4.9%; this decrease is accompa-
nied by an increase of For from 3.8 to 10.7% with increas-
ing nanocrystal size (from 30 to 170 nm).

The fluorescence excitation spectra of TPP nanocrystals in
Fig. 3 show similar changes to those found in the absorption
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Table 1. The results of a numerical fit to the absorption spectra of a dilute solution of TPP (m) and different sizes of nanocrystals

(NCI to NC5).

Pphenyl Pn—n* Pn—n* PCT

Sample Position (nm) Position (nm) F w9 (%) Position (nm) Fr_ (%) Position (nm) For ¢ (%)
m 240 304 17.0 357 83.0 — —

NC1 253 308 14.2 368 82.0 398 3.8
NC2 255 310 9.7 372 83.5 400 6.8
NC3 259 311 7.5 378 84.0 402 8.5

NC4 262 311 6.8 382 83.8 405 9.4
NC5 270 310 4.9 390 84.4 408 10.7

“F; were determined from the area percentage of peak i for the whole absorption of the pyrazoline ring; i denotes P,_, ., P, _,., and P¢r, respectively.

Fig. 4. The fluorescence emission spectra of NC4 and the dilute
solution (1.0 x 10> mol-L™!) measured at room temperature. The
spectrum of a 1.0 x 107 mol-L~' TPP—ethanol solution (m). The
excitation wavelength is 360 nm.
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spectra. The dashed line in Fig. 4 is the emission spectrum
for a 1.0 x 10 mol-L™! TPP-ethanol solution, with an
asymmetric peak centered at 445 nm. The emission spec-
trum of NC4, with a peak at 465 nm, presents as a typical
example of nanocrystal emission, since the nanocrystal size
hardly influences its shape and peak energy. Note that the
shape of the nanocrystal emission is similar to that of the so-
Iution emission; only the peak energy is red-shifted by
0.12 eV from the value for the dilute solution. Moreover, no
significant changes in the emission shape were observed as
the pump energy changed from E = 4.96 to 3.1 eV for both
the solution and nanocrystal. To further clarify their assign-
ment, fluorescence decays were measured for the solution
(monitored at 445 nm) and for the nanocrystal (monitored at
465 nm) with the same excitation wavelength at 360 nm. All
decay curves shown in Fig. 5 are well described using a sin-
gle-exponential function with high accuracy. The fluores-
cence lifetimes of the solution and the nanocrystal were
determined to be T, = 1.43 + 0.12 ns and 1, = 3.86 + 0.44 ns,
respectively. Since monomers are the dominant species in
the dilute solution, and since the solution emission spectrum
does not change with concentration, the solution emission

Fig. 5. Fluorescence decay curves for the dilute solution (moni-
tored at 445 nm) and for NC4 (monitored at 465 nm) with exci-
tation at 360 nm, at 298 K.
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spectrum is assigned to the direct monomer transition from
S, to Sy. In general, the emission from the intermolecular
charge-transfer (CT) state exhibits a longer decay time than
that from the initially excited state (31). As stated above, T,
is about 2.5 x T,. Therefore, it is likely that the increased flu-
orescence lifetime of 7, results from the emission from CT
to the ground state. Returning to Fig. 2, the gradually ap-
pearing absorption feature by aggregates at about 400 nm
(Pcr) reasonably corresponds to the absorption from S, to CT.
To interpret the data of Figs. 2-5, we have indicated sche-
matically the various transitions between the lowest energy
states found for TPP nanocrystals (Fig. 6). Here, the lower
energy of CT, as compared with S, is also consistent with
this picture, where CT states are found generally at energies
lower than the corresponding maxima of the monomer spec-
trum (14, 15). The difference between the solution and
nanocrystals is that the latter presents the transitions involv-
ing CT states; the former rarely does. However, the fine
structure shown in Fig. 6 cannot be observed at room tem-
perature because of thermal fluctuation. Therefore, we have
also measured the emission spectra, with excitation at 360 nm,
in liquid nitrogen (temperature 77 K), as shown in Fig. 7.
In Fig. 7(m), the solution emission spectrum measured at
77 K, four peaks are observed at 405, 428, 454, and 482 nm,
respectively. The equal spacing between them indicates that
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Fig. 6. Proposed transitions for TPP molecules in nanocrystals.
The wavy lines indicate the vibrational relaxation process. The
dashed arrows indicate those transitions occurring only at 77 K.
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Fig. 7. The emission spectra of different sizes of TPP nano-
crystals dispersed in water measured at 77 K. The spectrum of a
1.0 x 10 mol-L~! TPP—ethanol solution (m). The excitation
wavelength is 360 nm.
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they originate from different vibrational states (v, = 0, 1, 2,
3) in Sy. As for nanocrystals, the intensity of the peak at
405 nm, Iy, gradually decreases with increasing nano-
crystal size; moreover, the low energy tail extends to longer
wavelengths simultaneously. The nanocrystal emission at 77 K
is different from that at room temperature, as it is influenced
not only by nanocrystal size but also by the excitation wave-
length A.,. An example is shown in Fig. 8(a), where the
emission spectra of NC4 with different A, display this ten-
dency. When A, is less than 400 nm, corresponding to exci-
tation directly into S,,> the two low-energy peaks (<450 nm)
gradually rise as A, increases. When A, is bigger than

11
Fig. 8. The emission spectra of NC4 measured at 77 K using
different excitation wavelengths.
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400 nm with excitation into CT states,? the nanocrystal

emission is similar to that of the solution and may come di-
rectly from the CT states. In Fig. 8(b), we have added the
solution emission spectrum (dashed line) — of which the in-
tensity at 405 nm has been adjusted to be equal to I,,5 of
NC4 excited at 360 nm — to the emission spectrum of NC4
excited at 405 nm (alternating dashed and dotted line). It is
interesting that the sum (dotted line) is superposed with the
emission spectrum of NC4 excited at 360 nm (solid line).
This indicates that the nanocrystal emission originates from
both S; and CT at 77 K when excitation energy is above
S, (cf. Fig. 6). Further, the intensity is redistributed from
S, to CT with increasing nanocrystal size. The coexistence
of emission transitions [S;—S,] and [CT-S,] indicates that
the S, and CT states are in equilibrium in the nanocrystals at

2 According to the absorption spectra of TPP nanocrystals with parameters listed in Table 1, the wavelength 400 nm (3.1 eV) is just the divid-

ing line between the S; and CT states.
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Fig. 9. The optimized structure of two neighboring molecules in
nanocrystals.

77 K. At room temperature, the S, states are efficiently de-
activated nonradiatively via the exciton band by thermal ac-
tivation and energy hopping, and thus only the [CT-S;]
emission can be observed.

Figure 9, the optimized structure of two neighboring TPP
molecules in the nanocrystals, provides a clue to help our
understanding of how the intermolecular charge transfer oc-
curs in TPP nanocrystals. It can be seen from Fig. 9 that the
phenyl and pyrazoline rings of two neighboring molecules
overlap to some extent, resulting in their absorption shifting
to the lower energy side. Because of the inverse orbital ori-
entation of n electrons the orbital overlap between them is
small, leading to the small differences in n—n" absorption
with differing nanocrystal sizes. In 2-pyrazolines, the charge
distribution of N-1 (N at the 1-position) changes from nega-
tive in the ground state to positive in the excited state be-
cause of the conjugated charge-transfer from N-1 to C-3
(23). We infer that the intermolecular charge-transfer may
occur from N-1 of one molecule to its neighbors. This
should lead to a decrement in the probability of optical tran-
sitions that involve the n electrons of nitrogen and is further
supported by the simultaneous occurrence of the decrement
of F,_;» and the increment of For with increasing nano-
crystal size, as mentioned above. The increment of Fqp re-
flects the formation process of the CT exciton in TPP
nanocrystals.

Summary

In summary, the size-dependent optical properties of TPP
nanocrystals were studied using absorption and fluorescence
spectra on nanocrystals of different sizes. Their absorption
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and emission transitions, as compared with those of a dilute
solution, have been investigated, as a function of nanocrystal
size, at both 298 and 77 K. We found that the optical proper-
ties of TPP nanocrystals possess a special size-dependence
because of the formation of the charge-transfer exciton and
the various interactions between different molecular orbitals
according to the molecular model calculations. The present
study adds to our understanding of excitons in organic semi-
conductors.
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An ab initio study of conformations and IR
spectra of 5-substituted 1,3-cyclopentadienes

Cory C. Pye, James D. Xidos, D. Jean Burnell, and Raymond A. Poirier

Abstract: A computational study of 5-substituted cyclopentadienes is presented. The substituents considered are the

group 14-17 elements of the second through fifth periods, saturated by hydrogens as needed to fulfill normal valence
requirements. The conformational characteristics are examined and rationalized using bond—antibond interactions and steric
arguments. Trends in vibrational frequencies are discussed and compared with experiment where possible.

Key words: cyclopentadiene, ab initio, spectra.

Résumé : On présente les résultats d’une étude théorique de cyclopentadiénes portant des substituants en position 5. Les
substituants considérés sont les éléments des groupes 14 a 17, de la deuxieme a la cinquieme période, saturés par des
atomes d’hydrogene pour satisfaire les valences normales requises. On a examiné les caractéristiques conformationnelles et
on les a rationalisées en faisant appel a des arguments stériques et d’autres basés sur des interactions liantes et antiliantes.
On discute des tendances dans les fréquences de vibration et on les compare avec des valeurs expérimentales lorsque

celles-ci sont disponibles.
Mots clés : cyclopentadiene, ab initio, spectres.

[Traduit par la Rédaction]

Introduction

During the course of our investigations of facial selectivity in
the Diels—Alder reaction, we found that 5-substituted cyclopen-
tadienes could give a range of facial selectivities from 100% syn
to 100% anti selectivity, simply by varying the substituent (1,2).
Although a variety of explanations have been proposed (3-6),
our own investigations have suggested that a simple modifica-
tion of the concept of steric bulk is sufficient to explain this
phenomena (7, 8).

The synthesis of 5-substituted cyclopentadienes and their
subsequent reaction with dienophiles is useful for validating or
refuting theories of facial selectivity, but the existence of these
compounds is sometimes fleeting. The identification of these
species, once created, needs to be proven. In this paper, various
spectroscopic data are calculated and compared to known ex-
perimental literature data where available. It is hoped that the
following analysis will eventually aid in the experimental de-
tection of other as yet unknown species. In particular, we will
give information on the structure and harmonic vibrational fre-
quencies to facilitate comparison with experimental diffraction,
microwave measurements, and IR and Raman spectra, respec-
tively. In addition, a full examination of substituent conforma-
tion is presented and rationalized.

Received 16 August 2002. Published on the NRC Research Press
Web site at http://canjchem.nrc.ca/ on 28 January 2003.

C.C. Pye.! Department of Chemistry, Saint Mary’s University,
Halifax, NS B3H 3C3, Canada.

J.D. Xidos. Computer Aided Molecular Design Laboratory, Mayo
Clinic, 200 First St. SW, Rochester, MN 55905, U.S.A.

D.J. Burnell and R.A. Poirier. Department of Chemistry, Memo-
rial University, St. John’s, NL A1B 3X7, Canada.

'Corresponding author (e-mail: cory.pye @stmarys.ca).

Can. J. Chem. 81: 14-30 (2003)

doi: 10.1139/V02-192

Method

Calculations were performed using MUNGAUSS (9), Gaus-
sian 92 (10), or Gaussian 98 (11), utilizing the STO-3G (12), 3-
21G (13),6-31G* (14), and 6-31+G* (15) basis sets. Huzinaga’s
basis sets for Ge-Br (4333/433/4) and Sn-I (43333/4333/44),
decontracted in the sp-valence region (21/21) and polarization
functions added, were used in conjunction with the 6-31G* ba-
sis set (16). Cartesian (six) d-functions were used throughout
except for STO-3G. Diffuse functions were determined in an
even-tempered fashion separately for the s and p shells and
then geometrically averaged to give the exponent of an sp dif-
fuse shell. These augmented the Huzinaga basis sets for use in
conjunction with the 6-31+G* calculations, as in reference (17).
The resulting diffuse-sp exponents are 0.015 (Ge), 0.019 (As),
0.036 (Se), 0.042 (Br), 0.021 (Sn), 0.026 (Sb), 0.030 (Te), and
0.034 (I). For brevity, the results and discussion using the STO-
3G and 3-21G basis sets are presented in the supplementary
material® (18).

The MP2 calculations utilize the frozen core approximation.
Default optimization specifications were normally used. For the
6-31G* and higher basis sets, a frequency calculation was per-
formed at the same level and the resulting Hessian was used in
the following optimization. Z-matrix coordinates constrained to
the appropriate symmetry were used as required to speed up the
optimizations. If symmetry constraints led to a transition state
instead of a minimum, this would show up as the presence of
one or more imaginary frequencies not belonging to the totally
symmetric irreducible representation. The Hessian was evalu-
ated at the first geometry for the first level in a series in order

2Supplementary data may be purchased from the Depository
of Unpublished Data, Document Delivery, CISTI, National
Research Council Canada, Ottawa, ON KIA 0S2, Canada
(http://www.nrc.ca/cisti/irm/unpub_e.shtml for information on order-
ing electronically).
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to aid geometry convergence.

In all tables, bond lengths are given in Angstréms and angles
in degrees. A general trend that was noticed is that d-polarization
functions added to heteroatoms of the first and second row tend
to shorten bonds to adjacent atoms, whereas when they are
added to heteroatoms to the third and fourth row they tend to
leave unchanged or to increase bond lengths to adjacent atoms.
Of course, for first and second row atoms the d-functions are
genuine polarization functions in the sense that they augment
the basis set with functions of higher symmetry. For third and
fourth row atoms, however, these functions may serve partly
to describe the more diffuse region of the occupied d-shells in
addition to polarizing the atom in the molecular environment.

Results and discussion

Geometry and conformation
1,3-Cyclopentadiene

The structure of cyclopentadiene is presented in Fig. 1. The
total electronic energies, selected geometrical data, lower-level
conformational energies, predicted IR spectra of synclinal struc-
tures, and a short discussion of the lower-level results are found
in the supplementary material. Within Hartree—Fock levels the
structure varied little with basis set, and the largest structural
changes were about 0.015 A in the C—C bond lengths, 0.012 A
in the C—H bond lengths, and about 1° in the angles (see Ta-
ble 1 and Supplementary Table S5). At the MP2 level the an-
gles are relatively unchanged; however, the bond lengths are
changed. The C—C single bond length decreases by up to
0.01 A, whereas the C=C double bond increases by 0.025 A.
The C—H bond length increases by about 0.01 A. The 6-31G**
structure differed from the 6-31G* structure only in the last
reported significant figure and is not listed, whereas the 6-
31+G* differed a little more. The geometry is reasonably close
to previous ab initio calculations (19,20) and to the experimen-
tal temperature-independent microwave structures (21-24), but
somewhat further from the temperature-dependent X-ray (25),
electron diffraction (26) (see Table 2), and NMR (27) struc-
tures. The errors at the MP2/6-31+G* level are within 0.01 D
(1D=3.335641 x 10739 C m) (dipole moment; expt = 0.420 £+
0.003 (24)) and 0.01 A (structure).

In the Cs-substituted cyclopentadienes similar basis set
changes occur in the cyclopentadienyl unit. The largest geome-
try changes upon substitution should occur in the bond lengths
and angles adjacent to the substituent.

5-Halocyclopentadienes

The structures of 5-halocyclopentadienes are given in Fig. 1.
The picture of 5-fluorocyclopentadiene in particular shows how
this diene would react syn, as the C—F bond is angled away
from the m-system; therefore, it would not have to distort as
much for syn addition as for anti addition (7, 8). Accurate ge-
ometries for 5-halocyclopentadienes have not yet been deter-
mined experimentally, though all have been prepared (28-30).
The X-C-H and X-C-C angles decrease down the group at the
6-31G* level, whereas the H-C-C angle increases (Table 3).

The addition of diffuse functions and of adding correlation
has very little effect on the bond angles listed. The effect of
adding diffuse functions is to shorten the carbon—halogen bond
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Table 1. Selected geometric parameters of 1,3-cyclopentadiene.

Hartree—Fock Mpgller-Plesset
Parameter 6-31G* 6-31+G* 6-31G* 6-31+G*
C,—C; 1.4764 1.4770 1.4647 1.4661
C,—C,; 1.3285 1.3294 1.3540 1.3550
C,—C;s 1.5064 1.5070 1.5009 1.5020
C,—H, 1.0742 1.0735 1.0855 1.0853
C,—H; 1.0735 1.0730 1.0846 1.0846
Cs—Hs 1.0890 1.0884 1.0993 1.0994
C;-C,-C, 109.17 109.13 109.20 109.17
Cs5-C-C, 109.59 109.11 109.11 109.59
C4-Cs-C, 102.47 103.37 103.37 102.52
H,-C,-C; 124.39 124.38 124.67 124.67
H;-C;-C, 126.70 126.64 126.76 126.67
Hs-Cs-H;  106.72 106.96 106.35 106.58
H;-C5-C, 111.94 111.81 111.81 111.90
u (D) 0.3049 0.3324 0.3982 0.4286

length by about 0.005 A, except for fluorine, for which it in-
creases it by a similar amount. The effect of adding correlation
is to decrease the carbon—halogen bond length by up to 0.01 A,
except for fluorine, where the bond length increases by 0.03 A.
These results demonstrate the extreme importance of basis set
and correlation effects for fluorine-containing systems.

5-Chalcocyclopentadienes and conformation

No unsubstituted 5-chalcocyclopentadienes have been iso-
lated, presumably because of a rapid [1,5]-sigmatropic rear-
rangement (i.e., 1,2-hydrogen shift) to give an enol analogue
followed by rapid conversion via a 1,3-hydrogen shift to the cor-
responding ketone analogue (see Fig. 2). 5-Chalcocyclopenta-
dienes have been implicated in the decomposition of substituted
dicyclopentadienes (Cp,OX, X = H, COCH3) (31, 32) via a
retro-Diels—Alder reaction. The MNDO method estimates that
2,4-cyclopentadien-1-ol is about 30 kJ mol~! less stable than its
isomeric enol forms (33), as suggested by the acetate derivative
ratios (34). Some examples of substituted derivatives that have
been prepared include the pentamethyl-2,4-cyclopentadiene-
1-ol and its methyl ether, the analogous thiol and S-oxidized
forms (35,36), and 1-(methylthio)cyclopenta-2,4-diene (37).

Figure 3 gives the structures of all four conformations for all
four compounds. Tables S7, S8, S9, and S10 show that the C—C
bond is lengthened relative to cyclopentadiene, but this differ-
ence decreases quickly down the series. The O-C-C, S-C-C,
Se-C-C, and Te-C-C angles are all larger than the correspond-
ing H-C-C angle of cyclopentadiene, as was noted previously
for CpF, but this difference also decreases down the series. The
H-C-C angle is smaller in both CpOH and CpSH than in CpH,
but the other two members of the series show little difference.

Adding correlation increases the C—O and the O—H bond
lengths by 0.02-0.03 A. With the exception of H-O-C, the bond
angles seem insensitive to level. The S—C bond length hardly
changes when correlation is included, but the S—H bond length
increases by about 0.015 A. Correlation effects on the geometry
of CpSeH and CpTeH are similar to that of CpSH. It should
be noted that there are relatively few ab initio calculations for
organic selenium and tellurium compounds (38—40).
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Fig. 1. Structures of 1,3-cyclopentadiene and with halo and group-14 derivatives

8" =&

CsHF Cy CsH5Cl Cy
e O
CSHSCH3 stag C g CSHSSiH3 stag Cg

@Sb

C5H551H3 ecli Cg

25

CsH5CHy ecli Cg

CS HS GeH3 stag C

Yy
B-8s

CsHg 1 Cy

@gu;)

T

CgHgBr Cs

N
':\.,8379

G:
=
C5H 5SnH 5 stag C;.
@
= E%:)

SHSSnH3 ecli Cg

9
.=

CsHsGeH3 ecli Cg

Table 2. Literature parameters of 1,3-cyclopentadiene.

Parameter ED (26) MW (22) MW (23) MW (24) XR(25) STO-3G(19) DZ (20)
Cr—C, 1.46 1.469 14682 1.44 1.490 1.480
C—C, 1.35 1.342 13445 132 1.319 1.329
C,—Cs 1.53 1.509 1.5063 1.495 1.522 1.516
C,—H, 1.08 1.0797 1.081 1.067
C,—H, 1.08 1.0782 1.080 1.067
Cs—Hs 1.09 1.0993 1.091 1.084
C3-C,-C; 109 109.3 109.29 109.5 109.3
Cs-C;-C, 110 109.3 109.24 109 109.7
C,-Cs-C; 101 102.7 102.93 102 102.1
H,-C,-C; 125 124.67 124.4
H,-C,-C, 131 127.13 126.7
Hs-Cs-Hs 110 106.33 107.4 107.4

An alternate conformational view of chalcogenocyclopenta-
dienes is shown in Fig. 4. The conformational changes resemble
in many respects those presented in reference (41). In general,
when there is an eclipsing interaction between the X—H bond
and either a C—C or C—H bond the X—H bond shortens (by
up to 0.006 A) and the connecting X—C bond lengthens (by
up to 0.017 A). In general, the H-X-C bond angle increases by
at most 1.6° upon eclipsing, but as one goes down a group this
increase becomes smaller, especially when comparing the two
asymmetric structures. The X-C-H bond angle is anomalously
small in the anti-periplanar conformers (by up to 5°), but this be-
comes less pronounced as one progresses down the group. The
H-C-C angle changes by at most 2°, but in no obvious pattern.
The X-C-C angle undergoes large changes of up to 5°, with the
smallest angle consistently being for the synclinal conformer
in which the C—C bond is trans to the X—H bond. For CpOH,

the largest X-C-C angle is found for the anticlinal conformer
in which the C—C bond is cis to the X-H bond, whereas for
the others the anti-periplanar conformer gives the largest angle.
For the larger atoms, the relation between torsion and X-C-C is
fairly flat near the maximum X-C-C angle.

5-Pnictocyclopentadienes

Very recently, the first report of the preparation of unsubsti-
tuted 2,4-cyclopentadienylphosphine and arsine appeared (42).
The amine and stibine are unknown. Several substituted deriva-
tives are known, such as the cyclopentadienyl difluorophos-
phine (46-48) and the pentamethylcyclopentadienyl amine (35,
36,43), phosphine (44), and dichlorostibine (45). In addition,
an MNDO study of the [1,5]-sigmatropic rearrangement in-
volving the motion of the phosphorus group has been carried
out (49, 50).
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Fig. 2. Possible decomposition routes for 2,4-cyclopentadien-1-ol analogues.
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Fig. 3. Structures of 2,4-cyclopentadiene-1-ol analogues.
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smaller, and the H-C-C angle becomes larger as one goes down

C—C bond shortens, the X-C-C and X-C-H angles become this group. The trend is the same as that for the chalcosubstituted
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Fig. 4. Conformation of 2,4-cyclopentadien-1-ol.
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Fig. 5. Structures of 2,4-cyclopentadienylamine analogues.
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cyclopentadienes, but unlike these, the angular parameters are
not disposed predominantly to one side of those of CpH, which
is most likely a result of the electronegativity changes relative
to hydrogen. The parameters of CpPH; most closely resem-
ble CpH. Diffuse functions have little effect on the geometry,
whereas adding correlation effects increases the N—C bond
length by about 0.01 A and the X—H bond length by about
0.015 A.

An alternate view of conformation of pnictocyclopentadienes
is shown in Fig. 6, in which the conformational designation
refers to the pnictogen lone pair. If there exists an eclipsing
interaction with an X—H bond, then the X—C bond lengthens
by up to 0.02 A, and the X—H bond shortens by as much as
0.008 A in some cases. An eclipsing interaction can also increase
the H-X-C angle by up to 2°. The X-C-H angle is anomalously
larger in the anti-periplanar conformation by up to 5°. The
largest X-C-C angle always occurs in the synclinal structure,

S
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»
=

CsHgAsH  ecli Cs

Can. J. Chem. Vol. 81, 2003
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in which the nitrogen lone pair is trans to the C—C bond in
question. The smallest X-C-C angle usually occurs in the anti-
periplanar structure.

Group 14 cyclopentadienes

The group 14 cyclopentadienes have been the most exten-
sively studied of our series. 5-Methylcyclopentadiene was first
separated from its more stable isomers by Csicsery (51) using
vapor-phase chromatography, and it constituted about 3% of
the total equilibrium mixture. It can also be prepared by the
methylation of CpMgBr at 263 K, but this isomerizes to the
I-isomer at 298 K in about 3 h. Further isomerization to an
equilibrium mixture of the 1- and 2-isomers occurs within a
couple of days (52). The isomerization was shown to proceed
by a 1,2-hydrogen shift with an activation barrier of 83.3 £
1.3 kJ mol™! as determined by NMR (53, 54). Evidence for
methyl migration was also seen in trimethylcyclopentadienes
with a barrier of about 185 kJ mol~! (55), which agreed well
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Fig. 6. Conformation of 2,4-cyclopentadienylamine.
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with the MINDO/3 result of 194.3 kJ mol~! for CpMe (56).

Silylcyclopentadiene was first prepared by the reaction of
potassium cyclopentadienide with silyl bromide at 77 K (57).
The structure was determined by electron diffraction soon af-
ter (58). CpSiH3 undergoes a rapid 1,2-silyl migration (248 K)
and a slower 1,2-hydrogen shift (339 K) (5§9). A joint photo-
electron and ab initio study suggested that the fluxional be-
havior of CpSiH3; may be related to the delocalization of the
Si—C bonding orbital with the -system (60). The activation
barrier for silyl migration was determined both from proton
(59.4 £ 1.0 kJ mol~!) and '3C NMR lineshape analysis (57.7 &
0.1 kJ mol~!) (61). An MNDO study overestimates this barrier
(99.1 kJ mol~1) (62).

Germylcyclopentadiene was prepared in a similar fashion to
silylcyclopentadiene and the NMR behavior suggested a flux-
ional molecule (63). The X-ray and electron diffraction struc-
ture of this compound has been published (64). The trimethyl
derivative undergoes a 1,2-shift with a barrier of 38.5 £
42 kJ mol™!, and the corresponding stannane, 32.6 +
4.2 kJ mol~! (65).

Tables S15, S16, S17, and S18 show that, upon substitution,
the C—C bond length becomes slightly longer in the case of
CpCHzs, but becomes shorter for the higher analogues. The X-
C-C and X-C-H angles decrease upon going down a group,
with only the CpCHj3 angle being larger than cyclopentadiene,
whereas the H-C-C angle increases. The effect of correlation is
to slightly lengthen the X—H bond lengths.

The existence of only two conformational possibilities sim-
plifies our analysis considerably. The X—C and C—C bonds in
the syn-periplanar conformer are longer than in the staggered
conformer by as much as 0.015 A and 0.005 A, respectively,
whereas no clear trend exists for the H—X bond length. The
X-C-C and H-C-C angles increase and decrease by as much as
2.7° and 1.8°, respectively, upon eclipsing. The X-C-H angle al-
ways decreases (except for CpCH3z) by up to 1.4°. No persistent
trend for the angles surrounding the substituent emerges.

A comparison between the experimental and our best theoret-
ical structures is given in Table 4. The X—C and X—H distance
is overestimated here, whereas no obvious trend is seen for the
C—C distance. It is understandable that the hydrogen positions
are given with poor accuracy by these diffraction techniques.
The calculated results are outside the error bars of experiment
because they provide the r, structure (0 K, bottom of PES),
whereas the experiment measures the time-averaged structure
at a finite temperature, resulting in a sampling of several vibra-
tional states. It is also possible that the agreement may improve
with an extension of the basis set. A microwave-determined
structure for these compounds would prove useful in this case,
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as with cyclopentadiene itself. In addition, the barrier to rotation
could possibly be determined in this way (66).

Conformation energies
Chalcocyclopentadienes

The barriers to rotation are shown in Table 5. The barriers
Ec_sspp are compared to the corresponding results for CH3 XH
at6-31G* (67) (See Table S20. The ‘*’ represents our calculated
value). In general, the methanol analogue barriers are larger for
O and S, similar for Se, and smaller for Te. Generally speak-
ing, adding diffuse functions or correlation effects changes the
relative potential energies usually by less than 1 kJ mol~.

Pnictocyclopentadienes

The barriers to internal rotation in 5-pnictocyclopentadienes
are shown in Table 6. The preference for an anti-periplanar
conformer increases as one goes down a period, even though
CpNH, itself assumes the synclinal conformer at 6-31G*. In
general the barriers in substituted cyclopentadienes are larger
than the corresponding pnictomethanes, as seen from Table
S20. The effect of adding diffuse functions or correlation ef-
fects is still small, but larger than the effect for the chalcogen-
containing systems. Correlation is the more important of the
two effects.

Group 14 Cyclopentadienes

From Table 7, the barriers are seen to be relatively insensi-
tive to basis set with the values agreeing quite well at the split-
valence level. The barriers are larger than in the corresponding
methyl derivatives (see Table S20). Diffuse functions have lit-
tle effect, but correlation energy seems to be very important
here for the silyl-, germyl-, and stannyl-substituted cyclopen-
tadienes. This follows the trend of the increasing importance
of correlation energy as the number of attached hydrogens in-
creases.

Discussion of conformation

There are numerous ways of explaining the conformational
preferences about a o-bond, but the approach used in this work
will be that taken by Brunck, Reed, and Weinhold (68, 69),
which states that the predominant conformational preferences
can be explained by bond-antibond interactions. Other studies
(70) have used Fourier analysis, but are strictly applicable only
to molecules possessing a rough three-fold symmetry axis and
thus cannot be applied meaningfully to molecules involving the
higher pnictogen series in which the H-X-H angles are closer
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Table 3. Selected geometric parameters of 5-halocyclopentadienes (CpX).
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Hartree—Fock

Mgller-Plesset

X Parameter ~ 6-31G* 6-31+G* 6-31G* 6-31+G*

F F—C 1.3694 1.3731 1.3983 1.4073
Cc—C 1.5093 1.5104 1.5061 1.5065
H—C 1.0865 1.0845 1.1014 1.0990
F-C-C 113.42 113.55 113.55 113.12
H-C-C 110.06 109.36 109.36 110.51
F-C-H 106.85 107.07 107.07 106.49

Cl Cl—C 1.8027 1.8000 1.7947 1.7938
c—C 1.5062 1.5072 1.5019 1.5030
H—C 1.0822 1.0817 1.0967 1.0968
Cl-C-C 112.78 112.69 113.34 112.93
H-C-C 111.57 110.85 110.17 111.38
CI-C-H 105.18 105.92 105.94 105.23

Br Br—C 1.9755 1.9695 1.9732 1.9687
c—C 1.5022 1.5035 1.4976 1.4989
H—C 1.0797 1.0795 1.0943 1.0944
Br-C-C 111.81 110.96 111.38 111.73
H-C-C 113.07 113.12 112.72 112.98
Br-C-H 103.84 104.44 104.46 104.26

I I—C 2.2004 2.1956 2.1965 2.1929
c—C 1.4992 1.5003 1.4939 1.4950
H—C 1.0794 1.0791 1.0938 1.0940
I-C-C 111.36 110.15 110.29 111.35
H-C-C 113.96 114.24 114.11 113.88
I-C-H 102.83 103.53 103.53 103.03

Table 4. Comparison between calculated MP2/6-31+G* and experimental
structures of 2,4-cyclopentadienyl-1-silane and germane.

Silane Germane
Paramater ED 47) Calcd ED (64) XR (64) Calcd
X—C 1.881 1.910 1.969 1.965 1.986
X—H 1.483 1.4 1.545
Cc—C 1.500 1.490 1.478 1.474 1.486
X-C-C 106.6 106.6 106.3 107.7 106.0
X-C-H 107.9 104 106.7
H-X-C 109.1 109 108.6

to 90° than 109.5°. The justification for our chosen approach
will lie in the ease of explanation of the major geometric and
energetic conformational trends.

If we consider the anti-periplanar form of CpOH, then we can
count four trans vicinal localized orbital interactions, giving an
interaction energy

(1]
Similarly, the synclinal form of CpOH gives

FEantiperiplanar = 2En,oéc + EUoH,OéH + Eoey,

"
90H

[2] Esynclinal = En,aéc + En,oéH + ang,aéc

+ EGCC,GSH

The strongest interactions are normally those involving lone
pairs donating into vicinal antibonds polarized toward the ro-
tation axis, i.e., corresponding to vicinal bonds (such as C—F)

polarized away from the axis, since in this case the overlap is
greatest. The C—H bond is slightly polarized toward the car-
bon atom — which has the higher electronegativity — and thus
its ‘antibond’ would be slightly polarized toward the hydrogen.
This results in poorer overlap with the ‘lone pair’ than that seen
in a C—C antibond. In this case the anti-periplanar conformer
will be favored. Because the overlap depends on the distance
between the axis atoms, the difference in energy between these
conformers should decrease as oxygen is successively replaced
by sulfur, selenium, and tellurium, which it does. In fact, the
two conformers of CpTeH are essentially degenerate on the
potential energy surface.

If we consider the anti-periplanar form of CpNHj, then we
can count five trans interactions, giving an interaction energy

(3]

Eantiperiplanar = En,aéH + ZEO’NH,O’éC + ZEGcc,aIfIH
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Table 5. Conformational energies of chalcocyclopentadienes (kJ mol™!).

HF MP2
System  Energy 6-31G* 6-31+G* 6-31G* 6-31+G*
CpOH Epp—ac 13.36 12.13 13.28 11.48
Eapp—sc 9.96 8.91 9.79 8.52
E pp—spp 13.91 12.29 14.91 12.55
Egac 3.40 3.23 3.49 2.96
Egsspp 3.95 3.38 5.12 4.03
CpSH E pp—ac 13.14 13.04 12.40 12.59
Epp—ssc 5.05 5.28 4.64 5.21
Eapp—spp 10.32 10.20 11.39 11.03
Eqac 8.09 7.76 7.75 7.38
Egosspp 5.27 4.92 6.74 5.82
CpSeH Epp—ac 10.65 9.42 9.37 8.57
Eppose 2.86 2.16 2.02 1.67
Eapp—spp 7.46 6.76 8.95 8.27
Eqsac 7.79 7.26 7.34 6.90
Egspp 4.60 4.60 6.92 6.60
CpTeH Epp—ac 7.27 7.37 6.08 6.54
E appssc —0.09 —0.10 —1.34 —1.12
E pp—spp 3.87 3.71 5.70 541
Egeac 7.36 7.46 7.41 7.67
E 3.96 3.81 7.04 6.53

sc—>spp

Table 6. Conformational energies of pnictocyclopentadienes (kJ mol™").

HF MP2
System Energy 6-31G* 6-31+G* 6-31G* 6-31+G*
CpNH, E pp—ac 5.52 4.80 6.91 5.75
Epp—sc —10.79 —9.86 —10.56 —9.17
E app—spp 5.67 5.73 5.09 5.12
Eqac 16.31 14.66 17.46 14.92
Egospp 16.46 15.59 15.64 14.29
CpPH, Epp—sac 12.67 11.95 16.09 14.58
Eppse —1.01 —1.63 —0.07 —1.41
Eapp—spp 13.96 13.48 14.94 14.29
Eqac 13.68 13.58 16.15 15.99
Egspp 14.97 15.10 15.01 15.70
CpAsH, Epp—ac 11.80 11.31 15.20 14.49
Eppssc 1.01 0.96 2.05 1.69
E pp—spp 13.90 13.81 14.70 14.55
Egeac 10.79 10.35 13.15 12.81
Egspp 12.89 12.85 12.65 12.86
CpSbH, Epp—ac 10.80 10.35 12.15 12.81
Epp—ssc 391 3.70 5.88 532
E app—spp 14.52 15.00 16.97 17.50
Eq o 6.89 7.16 9.60 10.03
Egspp 10.61 11.30 11.09 12.17

Similarly, the synclinal form of CpNH, gives

(4] Egynclinal = En,oéc + EO’NH,O’éC + EO'NH,O'éH

+ EUCC,UK]H + EUCH,GITIH

For similar reasons, the synclinal form of CpNH, will be fa-
vored in this case. Because of the quicker drop in electronegativ-
ity and longer bond lengths in this case the preference does not

persist down the group and other terms start playing an impor-
tant role, but the difference is still very slight, being less than
4.0 kJ mol~!. Steric interactions between the anti-periplanar
hydrogen and the two vicinal C—C bonds in the larger sub-
stituents may favor the anti-periplanar arrangement because of
the closer match in the lengths of these bonds.

The geometry changes also agree with the idea of bond-
antibond interactions. The shorter X—H bond in the syn-peri-

©2003 NRC Canada



22

Table 7. Conformational barrier of group IV
cyclopentadienes (kJ mol~!).

HF MP2
System 6-31G*  6-31+G* 6-31G*  6-314+G*
CpCH; 17.62 17.47 18.37 18.24
CpSiH; 13.71 13.46 18.59 17.33
CpGeH; 11.11 11.73 15.09 15.67
CpSnH; 8.05 8.95 12.42 13.11

planar forms is a result of the cis-interaction being weaker
than the trans-interaction, and thus the antibond contribution
is lower. The longer X—C bond may simply be explained by
stronger steric interactions in the Lewis structure. In the Group
IV series, hardly any trend is noticed, because the X—H anti-
bond, being polarized predominantly toward the hydrogen, is a
poor acceptor.

For CpOH, the widening of H-O-C in a syn-periplanar ar-
rangement is consistent with a simple steric effect, especially
with the C—H bond. As one goes down the group, the steric
interaction with the C—C bonds become greater leading to the
largest angles in the synclinal form. The ‘anomalous’ smallness
of the X-C-H angle in the anti-periplanar conformer can be ex-
plained simply as the absence of any strong lone pair donation
into the C—H antibond, whereas all of the other conformers
have either a cis or trans donation to C—H. For the same rea-
son the smallest X-C-C angle will be that containing no lone
pair donation, i.e., trans to the X—H bond.

For CpNH;, the “anomalous” largeness of the X-C-H an-
gle in the anti-periplanar conformer is consistent with a strong
interaction of the nitrogen lone pair with the C—H antibond.
Similarly, the largest X-C-C angle occurs for the synclinal struc-
ture, in which the nitrogen lone pair is trans to the C—C bond
in question.

Vibrational frequencies

The vibrational frequencies of cyclopentadiene itself are given
in Table 8. Adding diffuse functions hardly affects the fre-
quency (usually within 10 cm™!). Adding correlation effects
has a large influence on the frequency, generally decreasing
it, although some modes are affected much more than others.
The correlated frequency could be predicted from the Hartree—
Fock frequency by using a mode-specific multiplicative factor
(for example, 0.97 for C(sp3)—C (or H), 0.962 for C(spz)—H,
0.906 for C=C, 0.94 for CH bends, 0.83-0.90 for out-of-plane
(oop) H bends, 0.87-0.95 for ring deformations, and 0.92 for
CHj; rock, twist, and wags).

The IR spectra of cyclopentadiene and 5-methylcyclopenta-
diene (51) (% transmittance vs. wavelength) were converted to
absorbance vs. wavenumber and compared with the theoretical
spectra (MP2/6-314+G*) in Fig. 7. Errors in the experimental
estimation of frequencies range from 2-40 cm~!. Because of
the lack of an internal standard, the intensity scales will be dif-
ferent. The assignment of modes is fairly straightforward here.
The most intense modes observed in liquid cyclopentadiene
correlate well with the predicted gas phase results. There ap-
pears to be an enhancement of the (predicted) very weak C=C
stretching motion (1590, 1640), which appears to be in Fermi

Can. J. Chem. Vol. 81, 2003

Table 8. Vibrational frequencies of cyclopentadiene.

HF MP2
6-31G* 6-31+G*

Symmetry Assignment 6-31G* 6-31+G*

B, ring def 380 377 334 324
Ay ring def 559 556 502 490
B, CH oop 752 746 683 671
Ay CH oop 809 806 699 684
A ring def 866 865 818 816
B, ring def 867 867 820 819
A CH,-C str 985 983 961 956
B, CH; rock 1035 1028 947 936
B, CH,-Cstr 1040 1038 1009 1005
Ay C-C str 1069 1067 1051 1047
Ay CH oop 1074 1069 888 866
B, CH oop 1081 1080 918 907
B, CH def 1217 1213 1141 1135
A CH def 1233 1229 1157 1151
Ay CH, twist 1254 1252 1147 1121
B, CH, wag 1413 1411 1304 1300
B, CH def 1454 1452 1349 1342
A CH def 1534 1530 1442 1433
Ay CH, def 1584 1576 1479 1462
Ay C=C str 1741 1721 1578 1560
B, C=C str 1818 1797 1652 1633
A CHj str 3194 3193 3087 3077
B, CH, str 3221 3219 3131 3119
B, CH str 3381 3382 3253 3244
A CH str 3391 3391 3262 3253
B, CH str 3409 3409 3279 3270
A CH str 3417 3417 3285 3276

resonance with the first overtone of a ring deformation at 812.
The H-C= deformation also appears to be in Fermi resonance
(1240, 1290) with the first overtone of the H-C out-of-plane de-
formation at 664. Of course, we cannot rule out environmental
effects or impurities.

The theoretical spectra of the halosubstituted cyclopentadi-
enes are given in Fig. 8. The intense hydrogen out-of-plane de-
formation, the carbon-halogen stretching motion, and the HCX
hydrogen bending motion increases in frequency on progress-
ing from iodine to fluorine. In the fluoro derivative, many bands
are predicted to be more intense in the IR spectra compared
with the other halogens. This is probably due to the difference
in electronegativity between carbon and fluorine, which gives a
large bond dipole. Any normal mode that has a significant C-F
stretching component would be increased in intensity.

The theoretical spectra of the anti-periplanar and synclinal
chalcosubstituted cyclopentadienes are given in Figs. 9 and S1.
For the anti-periplanar series it is the OH and TeH that give
the largest number of intense modes. In these cases, the elec-
tronegativity of the substituent is sufficiently different from car-
bon to give rise to a greater number of intense modes. Some
trends when comparing the two conformers are the lower Cs-
H stretching frequency (OH) and HCX deformation frequen-
cies (all) in the synclinal conformers. These indicate that the
C—H bond is weaker, which is consistent with strong donation
of the chalcogen lone pair into the C—H antibond. If the alcohol
is ever observed our predictions suggest that it will predomi-
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Fig. 8. MP2/6-31+G* frequencies of 5-halo-1,3-cyclopentadiene.
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nantly be in the app conformer, whereas the higher analogues pnictosubstituted cyclopentadienes are given in Figs. 10 and
will have significant contribution from the sc conformer, and S2. Except for the amine, the spectra of the app conformer is
thus the bands will be averaged out. similar to the sc conformer, as contrasted with the chalcogen

The theoretical spectra of the anti-periplanar and synclinal cases. Except for the amine, the two X-H stretching modes are
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Fig. 9. MP2/6-31+G* frequencies of 5-chalco-1,3-cyclopentadiene.
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very intense. The wagging motion of the substituent is also
prominent, whereas the bending motion is less intense. The
Cs-H stretching frequency (NH3) and the HCX deformation
frequencies (all) are lower in the anti-periplanar conformer,

into the C—H antibond.
The theoretical spectra of the group 14 substituted cyclopen-

tadienes are given in Fig. 11. The H-stretching modes of the

which is consistent with interaction of the pnictogen lone pair
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Fig. 10. MP2/6-31+G* frequencies of 5-pnicto-1,3-cyclopentadiene.
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son with the known experimental spectra of the methyl (51),
silyl (59), and germyl (63) derivatives in Fig. 12. For the latter

substituent are very prominent in the IR spectra. There is also
two, the intensities were converted from qualitative to quan-

significant mode delocalization and spreading out of intensity

in the case of the stannane. More significant is the compari-
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Fig. 11. MP2/6-31+G* frequencies of 5-methyl-1,3-cyclopentadiene, and 2,4-cyclopentadienylsilane, germane and stannane
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Fig. 12. Experimental and MP2/6-31+G* frequencies of group 14-substituted cyclopentadienes.
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titative designators (vw 95% T, w 90% T, m 65%, s 35%, vs
10% T, vvs 5% T) and then to absorbance. The agreement in
both the intensity and frequency axes is very good if one takes
into account the standard errors associated with anharmonicity,
especially for the modes involving hydrogen stretches.

Conclusions

The structures of 5-substituted cyclopentadienes agree well

with most of the available experimental results. A pronounced
basis set dependence of the structures is noted in some cases.
The conformational trends in geometry and energy can be ex-
plained on the basis of bond—antibond interaction, especially
where formal lone pairs are involved. Our calculated structures
and vibrational spectra agree with available experimental data.
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Simultaneous determination of copper, lead,
cadmium, zinc, and selenium in cow liver by
differential pulse polarography

Giler Somer, Giilbeniz Guliyeva, Giiler Ekmekci, and Olcay Sendil

Abstract: A fast and simple method was established for the determination of trace elements in liver. DP polarograms
of wet digested liver samples were taken in acetate buffer, pH about 4, for lead, cadmium, and zinc determinations. For
copper, addition of EDTA at pH 4 was needed for a better separation from the iron peak. Selenite ion was determined
using the hydrogen catalytic peak after the addition of Mo(VI) to the same solution. Trace element levels were differ-
ent for two separate sections of liver. For the first section (S;) the quantities were found to be 8.12 = 0.21 mg g~! Cu,
1.16 £ 0.12 mg g Zn, 1.09 + 0.11 mg g! Cd, 0.59 = 0.07 mg g~! Pb, and 2.05 = 0.22 mg g~! Se, in dry liver. For
the second section (S ,) the results were the same for selenium, but Cd was too small to be detected. The other trace
element quantities were 0.48 mg g™' Cu, 0.22 mg g~! Pb, and 0.29 mg g! zinc. The validity of the method was dem-
onstrated with a synthetic sample resembling liver composition. This method enabled the simultaneous determination of
heavy trace elements such as copper, lead, cadmium, molybdenum, selenium, and zinc by using an inexpensive instru-
ment and without any separation or pre-concentration procedures.

Key words: cow liver, determination, differential pulse polarography, trace elements.

Résumé : On a développé une méthode simple et rapide pour déterminer les éléments a 1’état de trace dans le foie.
Afin d’évaluer les concentrations de plomb, de cadmium et de zinc, on a mesuré les polarogrammes a pulsation diffé-
rentielle d’échantillons frais de foie dans un tampon d’acétate, & un pH d’environ 4. Pour le cuivre, a un pH de 4, il
est nécessaire d’ajouter de ’EDTA afin d’obtenir une meilleure séparation du pic du fer. On a déterminé 1’ion sélénite
en faisant appel au pic catalytique de ’hydrogéne apres addition de Mo(VI) a la solution. Les concentrations des élé-
ments a 1’état de trace sont différentes pour deux sections différentes du foie. Dans la premiere section (S;) de foie
sec, on a trouvé les quantités suivantes: 8,21 + 0,21 mg g’1 de Cu, 1,16 = 0,12 mg g’1 de Zn, 1,09 £ 0,11 mg g’1 de
Cd, 0,59 = 0,07 mg g! de Pb et 2,05 = 0,22 mg g! de Se. Dans la deuxieme section (S,) les résultats sont les mémes
pour le sélénium, mais les quantités de Cd sont trop faibles pour étre détecter. Les quantités des autres éléments pré-
sents & I’état de trace sont de 0,48 mg g~! de Cu, 0,22 mg g~! de Pb et 0,29 mg g~! de zinc. On a démontré la validité
de la méthode a I’aide d’un échantillon synthétique dont la composition ressemble a celle du foie. Cette méthode per-
met de déterminer de facon simultanée des traces d’éléments de métaux lourds, tels le cuivre, le plomb, le cadmium, le
molybdene, le sélénium et le zinc en faisant appel a des instruments peu coiiteux et sans nécessité de procéder a des
séparations ou a des préconcentrations.

Mots clés: foie de vache, polarographie a pulsation différentielle, éléments a 1’état de trace.

[Traduit par la Rédaction]

Introduction

The total trace element levels have become of prime im-
portance to aid both the clinician in the diagnosis and treat-
ment of a variety of diseases and the life science researcher
in the investigation of the role of trace elements in health
and disease. Considering biological research, the role of
some trace and ultra-trace elements in the body is very rich
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and varied. Some of them are essential to life while others
are toxic even at very low concentrations (1-3). Since these
elements are taken in mostly by human diet, the determina-
tion of their concentration in food is very important. Liver is
known to deposit many trace elements; thus, cow liver is a
potent source of heavy elements. Unfortunately, very few in-
vestigations have been attempted relating to the determina-
tion of the concentration of heavy elements. Most of the
work has been concentrated on their effect on liver and
physiologic body functions (4—6). The effect of ingestion of
heliotrope (homeopathic medicine) and copper on the con-
centration of zinc, selenium, and molybdenum in the liver of
the sheep has been studied (4); the ingestion of heliotrope
was found to reduce liver concentrations of zinc and molyb-
denum. The concentration of selenium in the liver was found
to increase only when heliotrope was given with copper. The
depletion of glutathion in selenium-deficient liver and kid-
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ney of rats lead to necrosis in these organs, which is associ-
ated with evidence of lipid peroxidation (7). Some elements
such as Co, Se, Mo, and Cu in liver have been analyzed by
flame and electrothermal AAS after extraction of their com-
plexes with APDC into chloroform (8). These analyses have
shown the analytical details and instrument parameters for
the determination of these four elements in National Institute
of Standards and Technology standard reference material
(NIST SRM) bovine liver. In another study, it was found
that the quantitative distribution of trace elements (P, Fe, Zn,
Cu, Mn, Mo, Co) in the liver lobes of cattle and of pigs was
not uniform, as a result of different metabolism in different
parts of the organ (9).

Since many elements important in the biological life of
the body deposit in the liver, their concentrations have to be
determined very accurately. Determination of trace elements
in biological samples is usually difficult because of long and
tedious digestion procedures and risks of interference prob-
lems. The interfering ions have to be separated by pre-
concentration techniques such as solvent extraction, ion ex-
change, or hydride generation. These are all time-consuming
procedures, and losses of elements are also possible. It is
therefore very important to accomplish the determination
with minimum interference problems. With electrochemical
methods, the interference problems can be solved by chang-
ing only either the supporting electrolyte or the pH (10, 11).
These methods require relatively inexpensive instrumenta-
tion, are capable of determining elements accurately at trace
and ultra-trace levels, and have demonstrated the ability for
multi-element determination.

This paper describes a simple polarographic method for
the determination of trace elements in liver. In this proposed
method there is no need for sophisticated instruments or te-
dious separation procedures.

Experimental

Materials

A polarographic analyzer (PAR 174 A) equipped with a
PAR mercury drop timer was used. The drop time of the
electrode was in the range 2 to 3 s (2.37 mg s™!). A Kalusek
electrolytic cell with a reference saturated calomel electrode
(SCE), separated by a liquid junction, was used in the three-
electrode configuration. The counter electrode was platinum
wire. The polarograms were recorded with a Linseis (LY
1600) X-Y recorder under the conditions of a drop life of
1 s, a scan rate of 5 mVs™!, and a pulse amplitude of 50 mV.

Reagents

All reagents used were of analytical reagent grade (pro-
analysis). Triply-distilled water was used in the preparation
of all solutions and at all stages of analysis. The mercury
used in the dropping mercury electrode was obtained from
Merck (Darmstadt, Germany). Contaminated mercury was
cleaned by passing it successively through dilute HNO; and
water columns, in the form of fine droplets, using a platinum
wire gauze. The collected mercury was dried between sheets
of filter paper. A polarogram of this mercury was taken be-
fore use to ensure the absence of impurities.

Stock standard solutions (0.1 M) of Pb, Cu, Cd, and Zn
were prepared with triply distilled water from their nitrate
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and sulphate salts. Selenite stock solution was prepared from
SeO, by dissolving it in hot water. The stock solution of mo-
lybdenum was prepared from (NH4),Mo0,0,,4-4H,0. Dilute
solutions were prepared before every use to avoid solution
degradation.

A 1.0 M acetic acid buffer, pH 4, was prepared as follows:
a 1.0 M NaOH solution was added to 1.0 M acetic acid until
the chosen pH was reached, according to a pH meter.

Methods

Digestion of the liver sample

According to former studies (9), the deposition of trace el-
ements vary in different sections of the liver. Thus two dif-
ferent sections (S; and S,) were taken as two separate
samples from one cow liver. They were dried for 48 h in an
oven at 120°C to remove the water content and to obtain a
constant weight. The water content was found to be 72.2%.
Samples of dried liver (3.02 g (S;) and 2.90g (S,)) were
transferred into a 100 ml long-necked glass flask. For the di-
gestion of the sample, a concentrated acid mixture of 0.5 ml
H,SO,, 5 ml HCIO,, and 5 ml HNO; was added and left to
stand overnight. A glass funnel was inserted into the diges-
tion flask to prevent rapid evaporation. The solution was
kept in an oil bath at 50°C until the foaming stopped. Then
the temperature was increased to 150°C and heating was
continued until the evolution of brown fumes of nitrogen ox-
ides ceased. When the digestive sample turned yellowish to
deep dark brown, there was a danger of explosion, so 5 ml
of nitric acid had to be added; the flask was cooled for about
2 min before addition. Heating was continued until nitrogen
oxide fumes were no longer given off. The digestion was
completed, with the appearance of white fumes of perchloric
acid, when approximately 1.0 ml solution remained. Finally,
2.0 ml of hydrochloric acid was added and heated for at
least 20 min to convert all selenium to selenium(IV). The fi-
nal solution was evaporated to approximately 1.0 mL and
cooled to room temperature. The funnel was rinsed with wa-
ter into the flask and the contents transferred into a 10.0 ml
teflon flask, which was made up to the mark with triply-
distilled water. Depending on the concentration of each ele-
ment in the liver, the digests had to be diluted 10, 100, or
500 times before use.

To check the recovery of the elements during digestion,
the same digestion procedure was applied to a synthetic
sample containing the same elements. The recovery efficien-
cies were found to be between 95 and 97%.

Voltammetric determination

For the determination of lead, cadmium, and zinc in liver,
10.0 mL of a 1.0 M acetic acid — acetate buffer (about pH 4)
in a polarographic cell was deoxygenated by a stream of
high-purity nitrogen for 5 min. The DP polarogram was re-
corded by scanning the potential in the negative direction
from 0.0 V to —1.5 V at a scan rate of 5 mV s™. Then, ac-
cording to the need, 0.05-0.1 mL digested sample of liver
was added, and once more the DP polarogram was recorded.
Standard additions were made according