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ABSTRACT

Electron paramagnetic resonance spectra have been obtained

. for 2-chloronaphthalene in a biphenyl host single crystal at 100°K.

The principal values of the Eband g tensors were calculated for'the
. A ~ -

'lowest'triplet state of 2-chloronaphthalene and found to be similar

to those of naphthalene; Hyperfine structure due to protons in the

1, 4, 5 and 8 positions was observed with QJIE, Using the malonic

acid radical as a model, an estimate of the spin density in the

o position was calculated to be 0.225. Further experiments on

2-chloro and other . 2-halonaphthalenes are suggested.
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I. INTRODUCTION

The intense afterglow associated with photo-excited molecules

. wa; first attributed to a'spin—forbidden transition from.the triplet elec-
tronic é;ate té»the singlet ground state by Lewis and Kaéha.l The magnetic
5uscéptibility'of'phosphoreséént fluorescein in a boric acid glass was
measured b& Lewis, ef al.2 who found thét when the exciting'light was on,
the fluorescein molecule was paramagnetic and when the light hadlbeen
extinguished for some time, ‘the molecule was diamagnetié. . Later, Evans3
sﬂowed that thg photp—induced paramagnetism or photomagnetism had the

same decay constant as the ﬁhosphorescence. The paramagnetic nature of_a
phoéphoreégent molecule was confirmed by Hutchison and Mangum with the
first successful EPR experiment on a phéto;excited triplet state.4’5
The total electronic wavefunction of the simpleét triplet

system, helium atom, can be obtained by taking linear,combihétions of

ls and 2s functions, i.e.

,Wl. = Ils‘23|
l - -
Yo = (l1s 2s| + |1s 2s|)
?62‘ - « (1)
vy = |1s 2s|
b = 75 (|1s 28] - |15 2s])

On expansion of these functions, three symmetric and one antisymmetric

spin functions are obtained:

$1 a(D)a(2)

b2 = 75 [aDBD + BMa@)] (2)

63 = B(L)B(2)

by = 73 (LB - BL@)]



Thus, the functions ¢1-¢3 are eigenfunctions of the total spin angular
momentum operator 52 with S =1; the function ¢4 is an eigenfunction of g2
with S = 0. Hence, the functions ¢1-¢3 characterize a paramagnetic,

triplet state with MS = 0, +1, while ¢, describes a diamagnetic, singlet

state with MS = 0. .

~In the Hutchison and. Mangum experiment, °’

dilute solutions of
naphthalene in a singlé crystal of durene were used to prevent triplet-
triplet‘annihilatiOn and to minimize the effects of anisotropy, since

resonance occurs over a 2000 gauss range. They interpreted their results

using the spin Hamiltonian

Ho= [8lB-g s +8-D-8 (3)

The first term is the Zeeman term, describing the interaction of a magnetic

field H with the two unpaired electrons having a magnetic moment

~ -

|8| g.* S (8= 81+ 5s2). B is the collection of constants eﬁ/Zmec, g is a

second-rank tensor having principal values Byx® Byye Byy0 and § is the

Yy ZZ

spin angular momentum vector. With the'field_parallel to the

|~

axis of g,
~

this term assumes the.simple form

I8l & I N 8] B,.1.5, = 8] g, Mo | (4)

Hence, the Zeeman term lifts the degeneracy of the threevMS levéls such’
that the energy separation between the states |+l>‘and,]O) is the same as
that for the sfates ‘O) and |—l), i;é;, the two AMS = +1 transitions
|O)-ﬁ+ |+1) and |—l>-++ |0% occur at the same field.

The second term in Eq. (3) describeé the 1afgely dipolar inter-

action between the two electrons which gives rise to the so-called fine

structure or zero-field splitting and lifts the degeneracy pf,the two



AMS = +1 transitions. In the principal axis sysfem of the fine structure

tensor, this term can be written as

)

‘ ‘ 1
. D - = D(g 2- Lg2 2_ g 2 5
DS D(S; 352) + E(S, 2= 5 2) (5)

where

- .3 = Loy - . .
D = 2.2, E 5 (Y = X) . (6)

For a mplecule with spherical symmetry, X, Y and Z are the same and D and

_E would be zero; for a molecule with axial symmetry, E would be zero since

the x and y directions would be equivalent.
HThe lowest triplet state of naphthalene, 3Bzu’ was found to have
values of D = +0.1006 and E = —0.0138,5'where the coordinate system is as

shown in Fig. 1 and the absolute signs are assumed. The principal values

Figure 1. Coordinate System

of naphthalene

of the g tensor were found to be g = 2.0044, 8, = 2-0020, and g = 2.0029.

~

The g value of a free electron is 2.00232. TFrom the five-line nuclear

hyperfine péttern observed with ﬂJIi» the authors were.able to show that

the naphthalene molecular axes and those of durene were coincident and

that the 7-orbital spin density at C-1, 4, 5 and ‘8 (cf. Fig. 1) was

T
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approkiﬁately 0;2. Later experiments by Hirota,~Hthhison and Palmer§
yielded values for:the spin densities of pp = 0.219, p; = 0.062, and
pg = -0.063 by selectiveiy deuterating naphthalene at.different positions
and byjusing a duyeﬁé-glu~ho§t which impfoves the spectral resolution.
.Thetmalonic_a;id~radical was used.as a.modél for»the‘spiﬁ‘densipy
‘calculations. |
The absolute signs of D and E for naphthalené were de;exﬁined by

Hornig and Hycie7 by ﬁeaéuringﬂthe relativé intensities of the low and high
field EPR trahsipions at 4;2 and,l.65°k. The more intense signal'would
correspond to ghé traﬁsition from tﬁe lowest level to the_middle level
since the lowest level would be significantly more populéted at very low
.temperatures assumiqg Boltémann statiétics.. The absolute signs of D and E
determined in.these'experiments were those asgumed by Hutchison and |
Mangum. "’ |

Sihce”the initial experiments on naphthalene, several halogenated
naphthalenes have been stﬁdied to determine the effects of heavy-atom
éubstituentsAon'zégo field splittingé, g values aﬁd spin densities.s_15
The results of these experiments are éummérized in Table I. Spin densities','
are not iqcluded.sincé'detailed'nuclear hyperfine information is not
always obtainable, Howevér, progress is being made in this area.l

" Mispelter, gg_gl.g studied 1- and 2-fluoronaphthalene in

durene single crystéls'usingAEPR. The -zero-field parametérs and g values
were calculated for both molecules and the diagonal élements of the
fluorine hyperfine'tensor were computed for l—fluoronapﬁthalene.: Unlike
the préton h&perfine in naphthalene,6 the fluofine hyperfine spiitting is
largest along the out-of-plane (z) axis. This is due to direct spin

delocalization from the 2pZ orbital of carbon to the fluorine 2pz orbital.



TABLE I. Spin Hamiltonian parameters of the. lowest triplet

states of several naphthalenes.

X/he® T ¥/hc? z/hc?  Rer
(em™1) (cm™ 1) (cm~1) Exx gyy sz et.

naphthalene  +0.04713  +0.01973 -0.06686  2.0044 2.0020 2.0029 5

‘1-fluoro 0.04918 0.01790 -0.06691 .2.0038 2.0035 2.0029 8

l-chloro | 0.04746  0.01844  =0.06590 | 9
;ﬂl—bromo +0.0434  +0.0229 -0.0663 2;003 2.002 1.99% 10
1-iodo 4, —o.osias +0.08293  -0.05148  2.001 2.010 1.985 11
zéflgoro" 0.94693' 0.02025 -0.06716  2:0032 2.0033 2.0030 8
2-chloro . “0.04896 . 0.01858  -0.06631  2.006 2.003 2f003 gzii
1,4-dibromo  0.0338 0.03075  -0.06456 ' 12-14
2,3—qibromo R (X—YS/hc =:0.0245 ‘ 4. 15

aThe signs of X, Y, and Z have been experimentally determined for
naphthalene, l-bromo,. and l-iodonaphthalene. They are assumed for
the other molecules. :



.

The experimental results for l—chloro,9 l—bromo,lO l—iodo,ll and

12—;4 show the effect on the zero-field energy

l;§—dibfomonaphthaléne
ievels of increasing the size of the halogen attached to the 1 positjon of"
napﬁthalene.' For l—chloronaphthalene,'the'zero—field_levels are nearly'
thé same aS‘thé parent molecule. They are significantly'perturbed'in
l—bromonaphthaiene;6 X and Y are nearly equal in 1,4—dibromonaphthaiene,
and .in l—iodonaphthalene; the Y levei is higher in energy than the X'.
level, the'opbosife of the case for naphthalene. These results have‘Been
explained by second-order spin-orbit coupling effects. It has been.i
suggested that the X and Z sublevels are seléctively'depreésed relative to
the Y sublevel by mixing with the Z and X levels of higher triplet states.lo
| Although the ﬁfiplefstatesof naphthalene and halogenated
.naphthaleneshavebéen studied for more than'25 years by their phosphor-

: 17-20
escence spectra ’

-and more recently by magnetic resonance.techniques,
comparatively little is known about the zero-field parameters of naphtha-
lenes substituﬁed in the 2 position by any halogens larger than fluoriné..
Evidénce does exist tﬁat the ‘effects of halogen substitution in the 2—type
positions differ greatly from the effects of substitution in the 1-type
positions. Thus, the separation of the two ﬁppef levels in l,a—dibromo—v

naphthalene<is-approximately 0.003 cm*l 12-14 whereas the same.separation

in 2,3-dibromonaphthalene is 0.025 cm'l.15

‘This study of 2-chloronaph-
thalene was undertaken to determine the effect of a medium halogen in the

B position on the zero-field energy levels, g values, and spin density

distribution relative to the parent molecule.



II. EXPERIMENTAL

Thé hést materials used for growing single crystals containing
'2—chloronaphthaleneAwere durene, naphthalene and biphenyl. Biphenyl and
durene'(Alarich) were recrystallized twiée from absolute ethanol. Durene
was then éhromatographed f&ice on neutral alumina and eluted with pentane.
~The .effluent was éollected.undéf an iner; atmosphere and only the initial
fractions were saved. Both compounds.weré then sublimed undér vacuum and
zone refined under vacuum for at least 50 passes at 1 cm/hr. Naphfhalene.
(Aidrich Gold Label) was used as reéeived. Z—Chloronaphthalene (Eastman)
was recrystailized twiéé from‘hexane and column chromatogréphed on. neutral
alumina using pentane as the eluting solvent. The middle-fracﬁioﬁ was
then vacuum sublimed before use.

The compouqu used were .checked fot purity by several'methodsf
The purity of 2-chloronaphthalene was chgcked by NMR, gas chromatography
aﬁd by its melting ppint. No impurifies were detected. Durene and
biphenyl were checked by irradiating with filtered ultraviolet light at
77°K. No emission in the visible region was detected.

. The single crystals used were grown by the Bridgman technique
in Pyrex tubes:ranging from 7 to 10 wm I.D. which were equipped wiﬁh a
capillary tip on the lower ena; The céncéntration of 2-chloronaphthalene
in the host compound ranged from 0.1 to 0.5,mole percent. Once grown,
the crystal was removed from the tube, gleavéd with a sharp'razor blade
and the b optic axis was identified by surface striations and by using
a polarizingAmiérOSCQpef, The crystal was theﬁ transferrgd to a 3-circle”

optical goniometer for orientation.
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Biphenyl, the only host used for collecting EPR'data, is mono-
2 ‘ ‘
clinic, with 8 = 95.1 + 0.3°. 1 There are two molecules per unit cell
having an angle of 2 + 0.8° between their long axes and a 66 + 3° angle

. 22
between the planes as shown in Figure 2. 2 The projection in the a%*c

"Figure 2. Crystal structure

of biphenyl22

¢

.plane.of the x (long)Aaxis of one of the two molecules makes an angle of

25° with the a* axis. In the bc plane, the projection of the x axis makes

© . an angle of 5.2° with the ¢ axis. This information, along with similar

information for the y (short) axis with respect to the b axis in the bc
plane, allows the mounting of either the x or X_axis of one of the mole—
cules parallel to the axis of a nylon post for yz or xz molecular rotation.

The phosphorescence spectra were taken by 1mmer31ng the sample

in 1iquid nitrogen (77°K), liquid helium (4.2°K) or pumped liquid helium

(1.6°K) and irradiating with a 100 watt high pressure mercury arc filtered

‘with a 10 cm peth length NiSOy solution and a Corning CS 7-54 filter. The

emission was dispersed with either a Jarrell-Ash 1/4 meter or a Spex 3/4
meter monochromator and detected with an RCA 1P28 photomultiplier tube.

The éignal was then fed through a Keithley picoammeter for attenuation and

"recorded on a strip-chart recorder. The phosphorescence lifetimes were

measured by shuttering the arc lamp and recording the decay of the signal

on an XY recorder.



The EPR experiments were done on. a Varian E-4 spectrometer
equipped with a variéble temperéture p%obe.‘ Crystal mounts were checked
by iﬁéerting the nyion post with the crystal into a quartz tube which
could be:rotatgd about the vertical axis.‘ If the mount was correct (there
is a 50% chance of error in éelecting the positive b direction), the nylon
post was cut to Qithin 5 mm of the cfystal and inserted into a ring-which
could be .rotated ~360° about the ?ertical and "v45° about é perpendicular
axis. The sample was cooied to Vv100°K ana irrédigted as in the phosphor-
escence experiments.

| For the zero-field optically-detected magnetic resonance (ODMR)
experiments; single crystals were mounted in a helix at the end éf a
"rigid co-axial cable which.wgs suspended in-a liqgid helipm dewar. The
deﬁar was'conngctéd to a-pair of Welch 1347 pumps which were capable
of reducing the cryoétat temperaturé to V1.2°K. The tripietlstate of
Z—Chloronaphﬁhalene was formed_b§ irradiating with a Hg arc lamp set-up
‘identical to that used for the EPR experiments. Microwave radiation
was-produ;ed by an HP 8690 B sweep oscillator equipped‘witﬁ the
appropriate plug-in and was amplitude modulated at 3.5 Hz by an'HP 3310 B
function:genératér. When additional powér was needed,ian'Alfred‘SOZ
traveling-wave-tube amplifier was employed. The phosphorescence was
dispersed with a Spex 3/4 m monochromator and'detecged with an RCA 1P21
photomultiplier tube. Phase-sensitive detection was achieved by use
pf a PAR 124A lock-in amplifier. Resulting gignals weré recorded on
an HP 7044 A X-Y recorder.. The frequency was measured periodically with
én HP 5246 L electronic counter equipped with a 5257 A transfer

oscillator.



III. RESULTS

A. EPR and Optical Experiments

EPR éxperiments were'atteﬁpted @n several ‘crystals of 2-chloro-
naphthalene in-duféne with poor results. The observed signals were weak
and fheir‘lifetimes’were about 2 seconds, not in accordaﬁceiwith the
literéturé value for the phosphorescence lifegime which is 0.45 sec.l? - To
chec? this unexpected result (several halogenated naphthaienesvhave been
studied in durene8_ll); the phosphorescence spectrum was taken‘at'77, 4.2
and 1.6°K. The positions of the peaks and their relative intensities were
not in agreement with published sp'ectra.lg’\20 To be sure that the guest
Substanpé was 2—chloronaphthaleﬁe, it was dissolved in EPA, degassed and
a phosphorescence spectrum was obtaiﬁed tha£ was in excellent agreemeqt

with those in the literature.lg’zo

Durene was abandoned as a hosp material.
‘Believing that there was sqfficieﬁt difference in triplet state

eneigies (259 cm"l),17 crystals of naphthalene doped with 2—chlbronaphthalene

were grown and the phosphorescence spectrum reco?ded at(4.2'and 1.6°K'tol

eliminate the possibi1ity.of.thermal;y populating the host triplét state.

The spectrum obtained was very sharp but £he peak positions and relative

19,20 for 2-chloro-

inteﬁsities.were unlike those in the literature spectra
naphthalene or naphthaléng and were different from those obtained in
durene. The lifetime of ghé,phosphorescence was 1.6 + 0.1 sec, not

in agreement with the results for either 2-chloronaphthalene or
naphtﬁalene.l7 Being very similar in appearance to the phosphorescence
specﬁra obtained by Auweter, EE_él'23 of X-traps in naphthalene cfystals

doped with 2—fluoronaphthalene, it is believed that the'sﬁectrum obtained

is that of X-traps in naphthalene. This result is difficult to ration-

'alize since the (0,0) band is at 21,021 cm™ !, 77 cm~! above that of the

10
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‘2-=chloronaphthalene triplet state (20,944 cm_l).17 It is expected that
the phospﬁérescenceAwould originate in the triplet state lowest in energy.
Such is the case for l-chloro, l-bromo and l,4—dibroﬁonaphthalene in
naphthalene host crystals.lg-'H0wever, recent studies have shown £hat
phosphorescence may be due to perturbed host. molecules, even though the
guest triplet state is lowef in energy.

The‘phospﬁore3cence spectrum of 2—chloronaphﬁhalene in Biphenyl
at 4.2°K is shéwn in Figr 31* Both the spectrum and.thé phosﬁhorescence
liféetime (0.4 sec) are in good agreement with those'published in the

literature;l7’19’20

Reasonably strong EPR signals were obtained for 2—
chloronaphthalene in biphenyl aﬁd a partial angular dependence was mapped
for the yz ﬁolecular'plane. This is shown in-Fig. 4. Stationary positions
of 2882 and 3489 G, with H|[y, and 2175 and 4305.G, with H||z, occur every
60 and 120"° for both the H||y and H||z signals (v = 9.095 GHz). This is.
thelexpected resﬁlt since tbe planes of thé two molecules are inclined:to:
each other at an angle of about 60° and are rotated about axés which' are
nearly parailel.

An xz angular dependence with a slightly miéoriented crystal was
also carried out. Here, "statidnary" behavior'is observed every 180° as
'expected from the crystal‘strpcture. The stationary positions for §J|§
were found to be 2397 and 3953 G (v = 9.01043 gué) using a sample holder
that allowed corrections to be made for misorientation. When the_fiéld is
along the x axis, proton hyperfine structure.was observed as shown in

Fig. 5. The splittings are 8.45 G for the low-field AM, = +l1 transition

S
and 8.40 G for the high-field AMS = +1 transition. On rotation away from

the gjlz_statibnary position by more than 5°, the intensity of the signal.

drops drastically and is nearly gone at +10°.

x ) ’ ‘
Some improvement in the spectral resolution .-can be obtained by annealing
‘the crystal for long periods in the Bridgman furnace.



Figure 3. Phosphorescence spectrum of 2-chloronaphthalene

in a biphenyl host single crystal at 4.2°K.
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Figure 4. Partial angular dependence of the EPR spectrum
. of 2-chloronaphthalene in biphenyl, H in yz
molecular planme. 0° corresponds to ﬂl |_}5, 90°

to H||y.
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Figure 5. Hyfnerfine structure in the high-~field AMS = +1

transition of.2-chloronaphthalene with il |3<_
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B. Calculations

Ha&ing.found thé stationary field positions corresponding to
illi’.l and z and knowing the‘microwavé frequency, i£ is possible to
calculgte the zerd—field energy values for the three triplet_sublévels and
énd the ﬁrincipal values of the E'tensor. "Using the Hamiltonian given in

Eq. (3) and the basis set

. o2 -1 - [+1)]

X

-
]

75 =17 + [+1)] (7

L |O>

. . - +ig.
X . 1gzzBHz- lgyyBHy

.H = +1gzzSHz | Y - _lgxxBHx (8)‘
'_ngYBHy +lgxx8Hx - . Z

Here, it is assumed that g and D have the same principal axes.
L ~

When'§J|§, HX and Hy are zero and the matrix becomes’

X .. -ig BH_ | 0
H = +ig, BH_ Y : 0 (9)
0 4 0 -z

The energy values for the three levels can be found by subtrgcting W

from each diagonal element and setting the determinant equal to zero:
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-W. C .
_X" : ‘lgzzBHz 0
flgzstz : Y-W : 0 = 0 (10)
0 0 Z-W
This:gives : .
| . X CS LI 2|k
We = S ‘ ;o tel, 82 H (11a)
IWO = 7 . . : (llb)‘
- ﬁl QLY_)E g2 2w 2k -
w_ 2 ‘ + zz 8 Hz (;lé)

The'resu;tiﬁg energy level diagram for g|15.is shown in Fig. 6.

|eeee)

T t .
E b :
O Ty ' : Magnetic field (Gauss)
e T | 1 ] |
2 1Ty O P 5000 q000
e 1Ty C : T 7 |ref3 + /3(g)
& R
:
1BBY.
~-0.51- ’
The enetgy of the transition, hv, is equal to the difference’
in energy between the 2 sublevels, hv = W+ - NO, and wé - W_. Since the

W+—Wo transition occurs at lower field, the resonance field for it will

be denoted by Hz]'and that for the wo—w_ transition by HzH'



-

=
| .
=
]
=
<
u

: -7)2
W-W = hv - % (X+Y) + \i&_%l_

' Taking Z=X+Y and rearranging,

3. lxn)? ok
hy - _3_ 7 = (_X:_Y_)E_ + ( RH )2 1/2
T2 4 8P%2n

3 (X-Y)? 2
> FXfY) + ‘ 5+ (gBH )

+ (gBHzH)

1.

1
212

17

(12a)

(12b)

(13a)

(13b)

Squaring each equation and Subtfacting the second (13b) from

the first (lBa).yields

- -l x-x)2 _ (X-Y)2 . 5 o2 2 2242
6 hYZA N 4 : 4 + gzzB HzL gZZB HZH
2 p2¢(y2 _ y2
Z‘ gzzB.(HZL HzH)
6 hv
Similar equations can be obtained for X and Y:.

o2 a2(y2 - 12 . 2 a2(u2 - 32

c - 8o, BT (H , — Ho ) . - %XyB (HyH HyL)

6hy . - s 6hv

(14)

(15)

(16a,b)

g,, can be obtained by squaring (13a) and (13b) and adding to obtain:

or

.2. 2 _ 3082 = o2 a2(u2 | 2 (X-9)?
(hv + 352)% + (hv - 32) gzzs (HZL + HZH) + 5
1
. (v_vy2 2
o+ 22)2 oo 2gyz 4 KD2
g = 2 2 : .2

zz 2 (112 2 :
. B (HZL + HZH)

(17)

(18)

Analogous equations for By anc_l'gzz can be obtained by the same methods.
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-

A convenient. method for determining values df X, ¥, Z, gxx,l
' gyy and_gzz ;s-td-utilize the.above equations in a computer ?rogram.which
performs the calculations by an iterative procédure until conﬁergence is
achieved. It must be nbted that initial estimaﬁes of g values must be
eﬁtered to begin the'caiculation; the free spin_value of 2;00232'is used
fof this purpose. As a checkAfdr false convergence, the expected field.
'vaiués'for the-sﬁationary posiﬁions and the tréce of D are computea. The

vaiues obtained. for the lowest triplet state of 2-chloronaphthalene’ by

the above procedure . are:

X 0.01858 cm~! Z

0.04808 cm~}! ¥ -0.06631 cm~!

2.0030 -

1]
l§

g, = 2.0061 By, = 2.0032 2,

where thé signs:of X, Y and 2 afe assumed'to be the same as those for
3B2; naphthalene.7

An estimate of thg spin density in the 1 position can be obtained
from the hypeffine splitting due to the four equivalent protons in thé 1,y
4, 5 and 8 ﬁositiohs. Thé 6bserved splitting must be'corrected since the
states are not the ppre strong field states but aré linear. combinations of

‘these [cf., Eq. (7)]. The "observed sﬁlitting is equal to the true splitting

multiﬁlied by cos 26, whe;‘e24

tan 20 = Aiiz:%%— (19).
Exx""x
For the low-field péttern,
tan 286 = 0.475/0.741, 26 = 6.03°

which gives cos 26°= 0.994. “The true splitting is then

2y (6) = 8.45/0.994 = 8.50 G (H||x, low-field line).
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In freqﬁency units,ithis is
H . W
a; (MHz) = 8., B2l (G)/h = 23.9 MHz.

A similar calculation for the high-field line with'gjl§_yie1d§

aIH(MHz) = 23.6 MHz. 'Followiﬁg>Hirota, gg;él.,6 we then assume that a
spin density of 0.89225 in the carbon 2pZ orbifal:gives a splittihg of

91 + 2 MHz with i|l§;from the results on malonic acid radical.26 By
direct comparison,'the épin density in thé 1 pdsition of:2—chloro_

' naphthalene is calculated to be 0.225. The hyperfine pattern is expected
to display an angular dependence with the maximum‘splitting alonglthe X
axis and-a,splittiné of abdut 2/3 and 1/3 of that along the z and y
diréc.tions,,.resp.ectively.z4 Proton hyperfine structure was not resblved
along these axes, but the gjlz_signals were nartoWer'than il]g signals,‘as

expected.

C. . Zero-Field ODMR Experiments

From phevEPR data, the zero-field frequencies of triplet
2-chloronaphthalene in biphenyl are calculated to be 3429 (x-z), 884
&-Y) and 2545 MHz (Y-Z). ?Ihe only transition observed by zf ODMR
(while monitoring the (0,0) band at 4660'3) was at 3440 + 2 MHz,
corresponding closely to the value caléulated for the X-Z transition.

The unce?tainty in the line position is due to poor signal-to-noise
ratio. Increasingvghe microwave power by a factor of.ten did not improve
the signal intensity. Tﬁe X-2 transition observed while monitoring the
4773 & peak in the (O;O)'bandv(presumedly due to different sites in the
crystal léétice)produced a signal which was broader but at the same

frequency within experimental error. The .Y-7 and ¥X-Y transitions were
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not observed by zf ODMR. The Y-Z transition was observed indirectly by

_microwave—induced delay-phosphoréscence (MIDP)27 between 2489 and 2593
‘MHz, in agreemedt with the calculated value of 2545 MHz. Attempts to

obtain a more accurate value by'MIDP failéd, as did other zf- ODMR .

experiments on Z—Chloronaphthalene in a n-hexane glass.
Since only one zf ODMR transition frequency is known to significant

accuracy, mofe'reliable values for the zero-field parameters cannot be

.obtained. The ODMR data can, however, be used to set error limits for

the EPR expérimentl 'The~total error in the calculated (X-2) energy

level difference is between 9-13 MHz, corresponding to a total error in
A

the calculated energy level scheme of 3.7 x 107" em~l.
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Iv.  CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The';éro—field parametefs,Ag values and calculated spin
density.of‘the lowest triplet state of 2—chlofonaphthalene do not
differ significantly from ﬁhose of naphthalene. Copéequently,Vit can
be concluded that the substitution of chlorine in the 2 positidn of
naphthalené_dogs not seriously affect the spin density,distribution in
theilgweét triplet state. However, it would be expec;gd; as in the
case of l—halonaphthaieneé, that larger halogens in the 2 position
would have a more pronounced effect, especiaily on the zero-field-
energies. In light- of the optical data, it is likely that 2-bromo- and
ni—iodonaphthalene could be studied successfully in biphenyl.

The results for,2~chioronaphthalene could be refined considér—
ably by carryipg_out additional zero-field ODMR'experimentsbon more
conéentra;ed éingle.crystal samples. This information, along with the
already existing high-field data, would allow for much more accurate
calculation of g values, since thesé calculations depend on accurate
knowledge of the field, frequency, and zero-field énergies.

'.'Further'experiments in high field could be carried out to
detérminé if the assumption madé conéefning the coincidence of the
principa; axes of E’and the molecular axes is vélid. This assumption
could be tested by exémining the angular depeqaence of fhe hyperfine
splitting (maximum along the x molecular axis) as compared to the sta-
tiona?y field position for gjlg_of the Ei tensor. This was not done since
the signal—to—ﬁoise r;tio was very poor upon rotation by more than +10°
from the stationary position §J1§. Signal averaging by use of a soon-to-

‘be—interfaced'Nicolet Lab 80 computer may overcome this difficulty.

21 -



V REFERENCES

G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 2100 (1944).

G. N. Lewis, M. Calvin and M. Kasha, J. Chem. Phys. 17, 804 (1949).

D. F. Evans, Nature 176, 777 (1955).

C. A. Hutchison,.Jr{ and B. W. Mangum, J. Chem. Phys. gz, 952 (1958).

C. A. Hutchison; Jr. and B. W. Mangum, J. Chem. Phys. 34, 908 (1961).

N. leota, C. A. Hutchlson Jr and P. Palmer, J. Chem. Phys. 40,
3717 (1964). . - '

A. W. Hornig and J. S. Hyde, Mol. Phys. 6, 33 (1963).

.J. Mispelter, J. Ph Grlvet and J.-M. Lhoste, Mol. ths £, 999
(1971). '

G. Kothandaraman, D. W. Pratt, and D.'S. Tinti, to be published.

G. Kothandaraman, H. J. Yue, and D. W. Pratt, J. Chem. Phys. 61,
2102 (1974). , )

. G. Kothandaraman, D. W. Pratt, and D. S. Tinti, J. Chem. Phys. 63,
3337 (1975). ¥

R. Schmidberger and H. C. Wolf, Chem. Phys. Letters 16, 402 (1972).

R. M. Hochstrasser and A. H. Zewail, Chem. Phys. &, 142 (1974).

A. M. Nishimura, A. H. Zewail, and C. B. ﬁarris, J. Chem. Phys. 63,
1919 (1975). , ,

M. A. El-Sayed, M. Leung, and C. T. Lin, Chem. Phys. Letters 14,
329 (1972).

G. Kothandaraman, unpublished results.

.* D. S. McClure, J. Chem. Phys. 17, 905 (1949).

J. W. Sidman, J. Chem. Phys. 25, 229 (1956).

T. Pavlopolous’ and M. A. El-Sayed, J. Chem. Phys. 41, 1082 (1964).

L. G. Thompson and S. E. Webber, J. Phys. Chem. 76, 221 (1972).

A. Hargreaves and S. H. Rizvi, Acta. Cryst. }é, 315 (1962).

22



.4'-: . ,,}”lt‘ ! N .
., 23
v

- i . ) )

o 22. R. W. Brandon, R. E. Gerkin, and C A. Hutchison, Jr., J. Chem. Phys.
; ' 41, 3717 (1964); H. C. Brenner, C. A. Hutchlson, Jr. and M. D. Kemple,
’ 1b1d 60, 2180 (1974). ‘

23. H. Auweter, D. Schmid and H. C. Wolf, Chem. Phys. 35, 382 (1974).

24, A, Cafrington and A. D. McLachlan, '"Introduction to Magnetlc.
" Resonance' ) Harper and Row, New York, N. Y., 1967.

25. M. Kafplus and G. K. Fraenkel, J. Chem. Phys 35, 1312 (1961).

26. H. M. McConnell C. Heller, T. Cole, and R. W Fessenden, J. Am. " Am.
+ Chem. Soc. 82, 766 (1960). ‘

27. J. Schmidt, D. A. Antheunis, and J. H. van der Waals, Mol Phys.

S22, 1 (97D).

A o



