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be expected to be much longer and &, smaller than for
the other diazanaphthalenes. This is clearly not observed
experimentally. However, even small out-of-plane dis-
tortions of this molecule which destroy the inversion center
can give rise to significant contributions to the nm*-3rz*
spin—orbit coupling.

An alternative explanation of the short 75 and nonne-
gligible &, concerns the identity of the S, state in 1,5-
naphthyridine. Recent reports®® provide strong evidence
that the lowest excited singlet has 'B, symmetry, a con-
clusion also reached earlier by Perrins.?* Alternatively,
this state has been assigned as !A,.3° Spin-orbit matrix
elements calculated from Hiickel wavefunctions using the
method of ref 6 indicated that coupling between this
1A, (\n7*) state and B, (7 7*) state would be even stronger
than that observed in quinoxaline. Therefore, if A (In7*)
were the lowest singlet state of 1,5-naphthyridine, the
molecule would be expected to undergo intersystem
crossing with approximately unit efficiency. Since this is
not observed, and based on the thoroughness of the
spectroscopic treatments,?"33 we confirm that the lowest

(31) P. J. Chappell, G. Fischer, J. R. Reimers, and I. G. Ross, J Mol
Saceizase., 87, 316 (1981).

(32) G. Fischer and 1. G. Ross, il ., 87, 331 (1981).

(33) A. D. Jordan, G. Fischer, and I. G. Ross, il . 87,
345 (1981).

(34) N. M. Perrins, Ph.D. Thesis, Renssalaer Polytechnic Institute,
1971.

(35) L. C. Robertson and J. A. Merritt, NTISAD Report 742217
(1971).

singlet state is !B, and that out-of-plane vibrations are
responsible for the observed nonzero triplet formation in
1,5-naphthyridine.

In 1,8-naphthyridine, calculations based on INDO wave
functions® indicate that the spin—orbit coupling matrix
elements are small, but finite, in this molecule. This would
lead one to predict that intersystem crossing will be ob-
served, but that it will not be highly efficient. This result
is indeed observed, although singlet photochemistry may
be a complicating factor in this case.

It is interesting to note that while the values of the kj,
rate constants for the diazanaphthalenes studied show
significant variation from molecule to molecule, as well as
in the case of phthalazine in different solvents, the values
of the k;, rate constants are, within experimental error, the
same. Although admittedly based on a limited data set,
this observation is not unreasonable since all of these
molecules have similar S, states (In7*) at approximately
the same energy above the ground state.
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Electronic Structure of C-Li, Si-H, and Si-Li in the Lowest 4=~ and 2II States
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We have studied the electronic structure of C-Li, Si-Li, and Si—H in the =~ and ?II states using ab initio SCF,
MCSCEF, and CI techniques. We find that, while Si—H is similar to C-H, having a 2II ground state with the
43~ approximately 36 kcal mol™! higher, both C-Li and Si-Li have 4=~ ground states with the 2II being 33 and
14 kcal mol™ higher, respectively. Potential energy curves and spectroscopic constants are presented for the
three title molecules, and some speculation as to the possible consequences of the ‘=~ ground state of Si-Li

and C-Li is indulged in.

Introduction

Recent work?® in this laboratory resulted in the prediction
that the ground state of C-Li is of X~ symmetry with the
companion 2II state 33 kcal mol™ higher. This is to be
contrasted with the C-H situation* in which the 211 is the
ground state, some 17 kcal mol™ below the 4=, In addi-
tion, contour maps?® of the GVB orbitals of C-Li, in both
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the *=~ and 211 are characteristic of a highly polar molecule
with the I~ being more polar. A physical picture con-
sistent with the above is that the =" state results from the
transfer of an electron from Li to the empty p orbital of
carbon, forming C~ which is then stabilized in the field of
Li*. In the 2II state the transfer is not as favorable, being
to a carbon p orbital which already hosts one electron.®

The purpose of this report is to explore this idea by
determining the *=7,%I1 separation in Si-Li and Si-H.
Since Si is less electronegative than C, we expect the charge
transfer to be less in Si-Li than in C-Li but in the proper
direction to differentially favor the = state. The results

(6) The ionicity of the C-Li bond has been the subject of much dis-
cussion. See, for example: A. Streitwieser, J. E. Williams, S. Alexan-
dratos, and J. M. McKelvey, J. Am. Chem. Soc., 98, 4778 (1976); G. D.
Graham, D. S. Marynick, and W. N. Lipscomb, ibid., 102, 4572 (1980),
and references contained therein.
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of our detailed calculations are in accord with this ex-
pectation and suggest that, while the 211 is the ground state
of Si-H with the =~ 36 kcal mol™ higher, the 4= is the
ground state of Si-Li, being 14 kcal mol™ below the 2I1.

Background

It is surprising that, in spite of the formal similarity of
Si-H to C-H and the astrophysical importance’ of both,
relatively few theoretical investigations’™? of its electronic
structure have been published. Jordan® used a semi-
empirical approach to calculate the low-lying excited states
of Si~-H at the ground-state equilibrium Si-H distance.
Cade and Huo® in their pioneering ab initio work reported
Hartree—-Fock-limit calculations on the ground state of
Si—H as well as spectroscopic constants and made thorough
comparisons with other second-row diatomic hydrides.
Correlated wave functions obtained through the CEPA
(coupled electron pair) method were used for the study of
the ground state of the first- and second-row hydrides by
Meyer and Rosmus.® Although they used rather extended
basis sets for all molecules studied, and their results are
in fair agreement with experimental numbers, it should
be remembered that the CEPA approach does not lead to
variational wave functions. Also, Goddard and Harding!?
in their description of chemical bonding in second-row
hydrides refer to Si-H in different electronic states, but
they do not give quantitative results. While both exper-
iment’'3 and theory®12!* identify the ground state of Si-H
as 2I1, the =~ has not been observed experimentally. This
is apparently due to the difference in multiplicity from
other low-lying states rendering a transition forbidden or
very weak.

As far as we know no theoretical work, ab initio or
semiempirical, has ever been published on lithiated-silicon
molecular systems, in sharp contrast with carbon-lithiated
species.!> Si-Li vapors have been observed in the blasting
of granite specimens with powerful laser beams,! but,
other than experiments of this type, experimental work
with the purpose of understanding the chemistry and/or
physics of isolated silicon-lithium systems is to the best
of our knowledge nonexistent.

In what follows we present ab initio quantum-mechan-
ical calculations for the molecules Si—H, Si-Li, and C-Li
in their ground and first low-lying states. Our intent is
to delineate the differences and/or similarities between
Si-H and Si-Li, as well as to compare them with the
analogous species C-H and C-Li. Potential curves are
generated for a significant range of internuclear distances
for all three molecules in the 2II and *Z~ states, and
equilibrium geometries (R,), dissociation energies (D,), and
spectroscopic constants are determined. For the C-H
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molecule we refer to the accurate work by Lie and Hinze.?

Basis Sets and Molecular Codes

Gaussian basis sets were obtained from Huzinaga’s
compilation!” and used for the molecules Si-H and Si-Li.
In particular the (11s,7p) for Si, (4s) for H, and (9s) for
Li were augmented by polarization functions (two d com-
ponents!® on Si, two p functions!” on H, and four p com-
ponents!® on Li) and contracted according to Raffenetti®
to [4s,3p,1d] on Si, [3s,1p] on H, and [3s,1p] on Li. The
d functions on Si in Si-H, as well as the (d,p) functions
on Si and Li in Si-Li, were scaled to 1.50, 0.90, and 1.20,
respectively. The scale factors were optimized at the SCF
level in the corresponding ground states and used for all
states and internuclear separations.

For C-Li the Duijneveldt? Gaussian basis (11s,8p/11s)
was used; it was augmented by a single set of d polarization
functions on C and four p functions on Li,'® and it was
contracted? to [3s,3p,1d/3s,1p]. The exponent of the d
functions as well as the scale factor for the lithium p or-
bitals were optimized at the SCF level in the %, state of
C-Li, and are reported elsewhere.?

All calculations were carried out at Argonne National
Laboratory using the collection of codes maintained by the
Theoretical Chemistry Group. The integral evaluation and
transformations were carried out with the programs
BIGGMOLI?2 and TRAOMO written by R. C. Raffenetti. The
GVB wave functions were constructed with the program
GVBTWO, originally written by F. Bobrowicz and W. Wadt
with later modifications by L. G. Yaffe, A. K. Rappe, and
others. The configuration lists for the CI calculations were
generated by the program CIGEN written by B. D. Olafson
and R. C. Ladmir with modifications by L. B. Harding.
The CI calculations were carried out by using the program
CITWO written by F. Bobrowicz with extensive modifica-
tions by S. P. Walch. A large part of our calculations, in
particular those referring to =~ states, were done by using
the program ALIS.Z? The contour plots were generated by
using a version of CALTECH program CONTURM as modified
by S. P. Walch and R. C. Raffenetti to make use of the
general contraction scheme. Equilibrium geometries and
spectroscopic constants were calculated by employing the
program VIBROTIN written by T. H. Dunning, Jr.

Computational Details

The HF wave functions for Si-H and Si-Li can be
written as

Si-H
[PI1) = A16%220230%40%50%1 7427, )
[*=7) = Al0?20%30%40%174(50' 21 127, acxcr)
Si-Li
[PII) = Al¢?20%30%40250%60%1 7427, )
[*27) = Al0?20%30%40%50%174(60' 2T, 27 o)

(17) S. Huzinaga, jimfissnssilions., 42, 1293 (1965); Technical Report,
“Approximate Atomic Functions I and II”, Division of Theoretical
Chemistry, University of Alberta, 1971.
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507 (1974).
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TABLE I: Energies (E), Equilibrium Bond Lengths (R, ), Dissociation Energies (D, ), Force Constants (k¢), and

Spectroscopic Constants of Si-H in the X*II and a*z "~ States

Re’ Dea 10_5kf1 —_
AEQ,° bohr keal dyn We, WeXe, B,, Qe, 10Dy,
method E, hartree hartree radius mol™! cm™! cm™! cm™! cm™! cm™! cm™!
X211 State
SCF —289.41082 2.876 173.0 2.642 21469 42.1 7.480 0.1978 3.6
SCF+1+2 —-289.50156 —0.0069 2.922 2.316 2010.3 44.8 7.246 0.2190 3.8
MCSCF —289.441 72 2.920 62.3 2.265 1988.1 39.7 7.257 0.2217 3.9
POL-CI —-289.473 20 2.962 57.7 2.015 1874.8 21.5 7.054 0.2103 4.0
MCSCF+1+2 —289.505 20 2.933 65.7 2.215 19659 37.2 7.193 0.2151 3.9
exptl? 2.872  70.6° 2041.8 3551 7.4996 0.2190  3.97
a*z " State
SCF —289.378 30 2.788 30.3 3.113 2330.4 46.5 7.963 0.2036 3.7
SCF+1+2 —289.446 35 —0.0048 2.868 2.338 2019.6 65.9 7.521 0.2885 4.2
ALIS —289.39065 2.837 305 2.495 2086.5 76.4 7.689 0.3051 4.2
POL-CI —289.42053 2.909 26.0 2.021 18779 62.3 7.3183 0.3061 4.4
ALIS+1+2 —289.447 68 2.877 29.7 2.253 19825 60.6 7.476 0.2858 4.3
@ Davidson’s correction formula. ? Reference 4. ¢ A recent and apparently more accurate value of D,is 77.06 + 0.6

kcal mol~!. Reference 27.

Electrons in the orbitals 1g, 20, 30, 17, and 10, 20, 30, 40,
17 for Si—H and Si-Li, respectively, are well localized at
the atomic centers and will be called “(core)”. We are left
with five “active” electrons which are the only ones to be
considered in all correlated calculations; the rest are
maintained doubly occupied.

In addition to these restricted SCF functions, we con-
structed small MCSCF functions for the 2II and 42" states.
The configurations used permit the molecules to separate
into the appropriate ground-state atoms and account for
the near-degeneracy effect?* of Si 3s and 3p orbitals.

The configurations used for the 2II state of Si-H are

(core)40250%22, (core)2m,250%2,
(core)4a260%2T, (core)2m, 26022,
(core)40256602, (core)2m,250602,

The physical interpretation of these orbitals is clearest
when the internuclear separation is very large. Here the
40 and 27, become the 3s and 3p, on Si while the com-
binations 5¢ + 60 become the 3p, and H s orbitals; as R
is decreased the 40, 27, and 2m, change little while the
5¢ evolves into the major contributor to the chemical bond.
In the GVB picture!? the combination 4¢ £ A2, are the
lobes, 1., and the combination 56 + u6¢ are the approxi-
mate bonding orbitals. Schematically we have

+ O —

or less descriptively
Si(®P) + H(3S) — Si-H(*Il)
The configurations used for the 4=~ state of Si-H are
(core)4o?502m 27,
(core)6o5027,2m,

(core)40605027,2m,

At large R the 40 and 60 are the 3s and 3p, orbitals of Si

(24) E. Clementi and A. Veillard, ., 44, 3050 (1966).
(25) F. W. Bobrowicz, Ph.D. Thesis, California Institute of Technol-
ogy, Pasadena, CA, 1974.

while the 50 is the H s orbital. The 27, and 2x, are the
Si 3p, and 3p, orbitals, respectively. Note that at large
R the GVB L, orbitals are the 40 + 65 combinations and
are pooched'? along the incipient internuclear line. The
40 + 65 combination (1) is pooched toward the incoming
H while the 46 — 66 combination (l,) is pooched in the
opposite direction. As R is decreased, the role played by
these orbitals undergoes a significant change. In particular
the in-phase combination of 4¢ and 6¢ (1) becomes sili-
con’s contribution to the chemical bond, while the out-
of-phase 40 and 60 (L) contribution evolves into a hydrogen
contribution. Concurrently, the 50 changes from H s to
L, i.e., 3s — A3p,. Schematically we have

+ @—»@%@@

Si(P) + H(®S) — Si-H(*2")

Since the above discussion is qualitatively identical for
Si-Li (and C-Li), it need not be repeated. We collect in
Figures 6, 7, 9, and 10 the contours of the orbitals hosting
the five active electrons in each of the ‘=~ and %I states
for both Si—-H and Si-Li systems. Note that the MCSCF
calculations for the 2I1I states were done with the computer
code SOGVB while those for the =~ were done with the
ALIS? program.

POL-CI and MCSCF +1+2 Wave Functions

In the polarization CI (POL-CI) wave function all single
and double excitations are generated relative to the
MCSCF configurations (six and three for the 2II and 4~
states, respectively, in the present study) subject to the
restriction that no more than one electron occupy an or-
bital outside the valence orbitals. In the MCSCF+1+2 CI
all singles and doubles are considered from the reference
configurations with no restrictions. We emphasize that,
while all electrons are explicitly included in the CI, only
five electrons are correlated.

Results

Tables I-III give absolute energies, equilibrium bond
distances, and spectroscopic constants for the molecules
Si-H, Si-Li, and C-Li, respectively, in the two states

or
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TABLE II: Energies (E), Equilibrium Bond Lengths (R, ), Dissociation Energies (D, ), Force Constants (k¢), and
Spectroscopic Constants of Si-Li in the X*x~ and a’11 States
R, D,, 10 °kg,
AEq, bohr kcal dyn We, WeXes Be, a, 10D,
method E, hartree hartree radius mol'! cm™! cm™! cm™! cm™! cm™! em™!
X4z~ State
SCF —296.308 68 4595 139 0.659  446.7 3.65 0.5082 0.0054 0.0
SCF+1+2 —296.37283 —-0.0045 4.658 0.627 435.5 3.88 0.4946 0.0049 0.0
ALIS —296.317 35 4631 259 0.630 436.5 3.00 0.5003 0.0052 0.0
POL-CI -296.350 23 4.674 28.8 0.602 426.7 3.81 0.4912 0.0053 0.0
ALIS+1+2 —296.373173 4664 35.2 0.609 4294 2.78 0.4934 0.0050 0.0
a’ll State
SCF —296.269 89 4.955 4.7 0.554 409.5 2.45  0.4371 0.0040 0.0
SCF+1+2 -296.34648 —-0.0078 5.034 0.468 376.1 2.84 0.4236 0.0046 0.0
MCSCF -296.29361 5.223 11.3  0.277 289.5 3.05 0.3933 0.0058 0.0
POL-CI —296.329 86 5.1563 16.0 0.513 394.1 14.77 0.4042 0.0089 0.0
MCSCF+1+2 —-296.35062 5.075 20.7 0.438 363.9 4.65 0.4166 0.0053 0.0
TABLE III: Energies (E) Equilibrium Bond Lengths (R ), Dissociation Energies (D), Force Constants (ks), and
Spectroscopic Constants of C-Li in the X*Z ™ and a’ll States
R, bohr Dg, kcal 10 kg, We, WeXe, Be, Qa, 10%De,
method E,? hartree radius mol™' dyncm™! em™! cm™! cm™! cm™! cm™!
X4z~ State
ALIS -45.199 35 3.595 37.5 1.195 676.8 5.97 1.052 0.0159 0.1
POL-CI —45.235 82 3.625 37.8 0.789 549.9 48.96 1.035 0.0596 0.1
ALIS+1+2 —-45.27652 3.617 50.9 1.153 664.9 6.24 1.039 0.0161 0.1
a’ll State
MCSCF -45.150 34 4.249 6.74 0.291 334.0 18.06 0.7531 0.0392 0.2
POL-CI —45.198 98 4.280 14.7 0.624 489.1 7.85 0.7423 0.0033 0.1
MCSCF+1+2 -45.223 44 4.066 17.7 0.590 475.6 6.16 0.8224 0.0154 0.1

@ SCF, SCF+1+2, and AE(, values are given in ref 3, but in a much more flexible basis set.
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Figure 1. Si-H potential energy curves.

studied as well as in the different calculational approaches
employed. AEjq is the Davidson correction® for unlinked
clusters (simultaneous pair correlations) given by

AEQ = (1 - Coz)AESD

where C, is the coefficient of the SCF wave function in the
CI (SCF+1+2) expansion and AEgy, is the correlation en-
ergy gained due to single and double excitations. Figures
1-3 present potential energy curves for the three molecules
in the two states, and a comparison is made among the
different levels of computation used. We note that, al-
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Figure 2. Si-Li potential energy curves.

though the POL-CI does fairly well for the systems studied
here, qualitative results of the same validity can be ob-
tained by a small MCSCF expansion of the appropriate
form.

For the Si-H species the ground state is clearly a 2IT
state with a calculated binding energy of 65.7 kcal mol™!
at the MCSCF+1+2 level. This is in good agreement with
the experimental value of less than 70.6 kcal mol! given
in the Huber-Herzberg* compilation. A more recent, and
apparently much more accurate, determination of disso-
ciation?” energy of Si—H gives a value of 77.06 + 0.6 kcal

(26) S. R. Langhoff and E. R. Davidson, Int. J. Quantum Chem., 8,
61 (1974).

(27) T. A. Carlson, N. Duric, P. Erman, and M. Larsson, gl
11, 3667 (1978).
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Electronic Structure of C-Li, Si-H, and Si-Li
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Figure 3. C-Li potential energy curves.
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Figure 4. Calculated bonding energy of C-H, C-Li, éi—H, and Si-Li.

TABLE IV: E(*1n)-E(*z ") Energy
Separations (kcal mol ')

AE(?I—1*T 7))
method Si-H Si-Li  C-Li

SCF+1+2 -34.6 165 37.2
SCF+1+2+AEq -36.0 145 34.2¢°
MCSCF+1+2/ALIS+1+2 -36.1 14.5 33.3

@ Reference 3.

mol!; taking the latter determination of D, as more re-
alistic, we believe that a large component of the 11 kcal
mol ! differential between the calculated and experimental
value is due to the limitations in our basis set, in particular
its polarization space. The experimental spectroscopic
constants of Si-H in the X?II state (Table I) agree fairly
well with the calculated values at the MCSCF+1+2 level.
It is interesting to note the excellent agreement between
the experimental bond length and dissociation energy and
the corresponding SCF values.

The MCSCF+1+2/ALIS+1+2 (or SCF+1+2+AE)
calculations locate the 4=~ state 36 kcal mol™ above the
X211 state, with a dissociation energy of 29.7 kcal mol!
with respect to ground-state atoms (Tables I and IV,
Figure 1). The analogous numbers for C-H obtained by
Lie and Hinze® are 15.5 and 65.4 kcal mol,™ respectively
(Figure 4). Figure 5 compares the potential energy curves
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Figure 5. Comparison of Si-H and C-H potential energy curves. The

Si-H curves have been shifted downward to permit a direct comparison
between the 211 vibrational levels.

60 — -

Figure 6. Valence orbital contours of Si-H at the equilibrium separation
in the 2II state. The plots have uniformly spaced contours with in-
crements of 0.05 au. Positive contours are indicated by solid lines,
negative contours are indicated by dotted lines, and nodal planes by
long dashes. The same conventions are used for all plots.

and vibrational levels of Si-H and C-H molecules in the
21 and *Z~ states. It should be noted that the zeroth level
of the Si—H 2II curve has been shifted to make the com-
parison easier (see also ref 27).

Figures 6 and 7 show the valence GVB (nonorthogonal)
orbitals of Si—H in the states 2II and =", respectively. In
the state 2I1 (Figure 6) we observe the bending back of the
two lobes due to repulsive interactions with the valence
bond orbitals. The bond formation is clearly depicted in
the “bond” orbitals suggesting a deformation of the p, Si
orbital and a transferring of charge from the silicon to
hydrogen atom. The p, of Si remains practically unaf-
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Figure 7. Valence orbital contours of Si-H at the equilibrium separation
in the “Z? state.
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Figure 8. Comparison of Si-Li and C—Li potential energy curves. The
Si-Li curves have been shifted downward to permit a direct comparison
between the *Z* vibrational levels.

fected from the bond formation. The above discussion can
be summarized in the GVB picture (see also ref 28).

4

C—r —bond
Ay
The “=" state of Si—H obtains when the hydrogen bonds

to a lobe requiring the uncoupling of the singlet coupled
lobe pair. This lobe breaking is largely responsible for the

(28) W. A. Goddard, II1, T. H. Dunning, Jr., W. J. Hunt, and P. J. Hay,
IR, 368 (1973).
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Figure 9. Valence orbital contours of Si-Li at the equilibrium separation
in the 4% state.
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Figure 10. Valence orbital contours of Si-Li at the equilibrium sepa-
ration in the 2II state.

43~ state being higher than the 2II state.!?> The same sit-
uation prevails for the C-H molecule, yet for the latter the
43" state is ~20 kcal mol™ lower? than in the Si—H species
(Figure 4). In Figure 7 the valence orbitals of Si-H in 4=~
are plotted. The picture of the bond orbitals again suggests
a charge transfer from Si to H, and that the p, and p,
orbitals of the Si are only slightly influenced by the bond
formation.

Consider now the molecule Si-Li. The two states ex-
amined, the 2II and the =", are obtained formally in the
same way as in the Si—H system. The 1s? electrons of the
Li atom do not participate in the bond formation, so we
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are dealing again with a “one-electron system” interacting
with the Si atom. Table II presents absolute energies,
equilibrium bond lengths, dissociation energies, and
spectroscopic constants for both states. Figure 2 shows
a series of potential curves and Figure 8 compares the
potential curves and vibrational levels of Si-Li and C-Li
at the MCSCF+1+2/ALIS+1+2 level.

Note that both the =~ and 2II states are bound (by 35
and 21 kcal mol™, respectively) and the 4= is the ground
state. Contours of the valence orbitals of Si-Li are shown
in Figures 9 and 10 and are remarkably similar to the
corresponding C-Li plots. In particular, the = contours
indicate that the singlet coupled pair which in Si-H is a
bond is a doubly occupied 3s orbital on Si in Si-Li.
Further, while the L orbital in Si—H is a “lobe”, in Si-Li
it is essentially a 3p, Si orbital. Similarly the contours for
the 2II state shown in Figure 10 suggest that the bond is
dominated by the 3p, orbital and that the lobes, 1, and 1,
show the effect of the interaction with Li, being bent away
from the bond. Note that they are considerably less “bent”
than in the 2II state of C-Li primarily because the Si-Li
bond length is so much larger (5.075 vs. 4.026 au).

In summary, while C-H and Si-H have 2II ground states,
both C-Li and Si-Li have ‘= ground states. This inter-

esting feature suggests that the reactions in which two C-Li
or Si-Li fragments couple, i.e.

C—Li + C—Li — Li—C=C—1Li

would proceed along the least-motion path with no acti-
vation energy. This is to be contrasted with the C-H
situation where the least-motion pathway is characterized
by a barrier estimated? at 12 kcal mol™.. We suspect that
the plethora of unconventional structures of organic
molecules which are predicted to arise when one or more
hydrogens are replaced by Li may be traced to the pref-
erence of C-Li for a 42 ground state. If so, the various
mixed compounds of silicon, carbon, and lithium would
seem to be a fruitful area for theoretical study. We are
pursuing these ideas.
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Effect of Electron Scavengers To Reduce the Ionization Current of Photoexcited
N,N,N’,N’-Tetramethyl-p-phenylenediamine in Nonpolar Organic Liquids
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The effects of perfluoro-n-hexane, perfluoro-n-heptane, perfluoromethylcyclohexane, and perfluorodecalin to
reduce the ionization current of photoexcited N,N,N’,N-tetramethyl-p-phenylenediamine (TMPD) have been
studied in the solvents tetramethylsilane, 2,2-dimethylbutane (2,2-DMB), isooctane, cyclohexane, n-hexane,
and n-pentane. Results are reported over a range of excitation energies from 5.2 to 6.7 eV and, for selected
systems, over a temperature range from -78 to 25 °C. At quencher concentrations, ¢, < 0.2 M, the ratio of
the photocurrent without quencher, Jj, to that with quencher, oJ, is found to be concave upward, linear, or concave
downward in its dependence on c,, depending on the system studied. At higher ¢, Jo/dJ is always concave upward.
Both J,, and o/ increase to about the same extent as the excitation energy increases, thus maintaining J;/JJ constant.
As the temperature increases, J increases somewhat more rapidly than does J; and increasingly so the larger
is ¢q. An atttempt is made to explain these results with a model based on interaction of the quencher with

an epithermal electron.

Introduction

All observations that have so far been made on the
photoionization of TMPD in neat nonpolar liquids are
consistent with the following view of the process. At the
photoionization threshold there is generated a quasi-free
electron which thermalizes at some distance from its sibling
positive ion. This geminate pair then move stochastically
in their mutual Coulomb field, either escaping each other,
with low probability (to generate a photocurrent in the
presence of a small external field), or, with much larger
probability, recombining, without significant loss of spin
polarization, to generate the fluorescing state of TMPD.
The evidence for all of this is obtained from (i) the solvent
dependence of the photocurrent energy threshold (which
supports the quasi-free nature of the ejected electron),!

0022-3654/82/2086-1985$01.25/0

(ii) the external field dependence of the photocurrent
(which supports the stochastic nature of the motion of the
geminate pair),!™* and (iii) the dependence of the
fluorescence quantum yield on both excitation energy® and
applied field strength®’ (which support the retention of

(1) Holroyd, R. A.; Russell, R. L. J. Phys. Chem. 1974, 78, 2128.
(2) Peterson, S. H.; Yaffee, M,; Schultz, J. A.; Jarnagin, R. C. J.Chem,
. 1975, 63, 2625.

(3) Sethi, D. S.; Choi, H. T.; Braun, C. L. Siniiis. 1980, 74,
223.

(4) (a) Choi, H. T. Ph.D. Dissertation, Dartmouth College, Hanover,
NH, 1980. (b) Choi, H. T.; Sethi, D. S.; Braun, C. L. J. Chem. Phys.,
submitted.

(5) Wu, K. C.; Lipsky, S.

(6) Bullot, J.; Cordier, P.; Gauthier, M.
1.

. 1977, 66, 5614.
IR 1978, 54,
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