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INTRODUCTICN

A molecular complex is defined as "an association between
two molecules, somewhat stronger than ordinary Van der Waals
associstions, of definite stoichiometry"(1). Evidence for
complex formation can be found in the wuv-visible spectrum

~

which exhibits, on mixing of the two components, & new band

unique to the complex (2). Comnlexes of aromatic compounds

with tetracyznoethylene (TCNE) a2re typiczlly highly colored;
benezene gives-a yellow solution, t-butylbenzene(TBB).an orange,
durene 2 red, -and hexamethylbénzene 2 deep purple.

The theory which best describes the properties of rolecular
complexes 1s the charge transfer reasonance theory developed
by l'ulliken (1). The bonding properties of these complexes

are intermediate between those of weakly bound Van der V¥a=ls

complexes and ionic bonding:

i Bond. ENE?jés

|
H Von der Waadls meleanles

— meleculoxr QDmPfexes
chemial honding

1 et
= '} =
+— }'ch\rrﬂen bcﬂd-ﬂzg
? JE Jf:. |=5 :z'n 2:5 alo _5%5 ‘jc 1-25 {io ;5; GIL;C . / I’HC/&,

The ground (QW) and excited (Yz) state wavefunctions zre
therefore considered to be a linear combination of wavefunctions
describing a "no bond"” and a dative fornm.

W (DE)=a;%(D.A)+b‘H(ﬂlD+l
We (DA)=b Yp(D A Y+a®y, (A=D7)



The wavefunction {j, is called the "no bond" function. It
represents binding due to forces such as dipole-dipole,
dipole-induced dipole, London dispersion forces, and hydrogen
bonding. The wavefunction ¥, is called the dative function.

It corresponds to a structure where one electron has been
completely transfered from donor to acceptor. The transfer

is usually considered to occur from the highest filled orbital
of the donor to the lowest unoccupied orbital of the acceptor.

Normalizing the wavefunctions leads to the following equations.
SPwWn dT = O +b6? +2ab S,
S Ve YedT = Clﬂ‘*' L¥2 4+ JabsSn

where .t is assume”® that the eigenvectors (a,b,a*,b*) are
independent of spatial coordinates, §$yq refers to SWUY, dC .
and S%’V,dt » SYsdT are equal to one., In seneral the ground
state is considered to hzve less dative character than the
excited state; thus transitions from groun® to excited states
are termed charge transfer transitions. The energy of the
ground state of the complex (wn) is obtained by operating with
the Hamiltonian on the weighted approximate wavefuncticns Y,
and ¥, according to the quantum mechanical averaging process

for nonexact functions:

Wy = SYL AW AT _ S@\mw)ﬁ(«%*w)
’_§E;Z:;E~ o +6* +2abSol

= (@2 W, +6*W, + Jab Ho/faR b + AubSs)
where Wo,W, are equal to S%ﬂ%d?"j‘f.ﬁ%d? » and Hgy, is equal

w (Y, RpdTs ¥ Hydtassuming | is a hernitian operator fory,4)

The corresponding equation fcr the excited state is:
£ ¥ L
a a
We. - (O»* we + 6*(,U, taab Ho)/(a“ 2 4%+ ab So.>
If according to variational theory the enerzy is minimized

with respect to a and b to give the lowest enerey wavefunction:

AW -0 = dlWw
Y b



The following equations are obtained.

(I) q (Wo _LUN') + E(HO} —Sopr) =0 oy U)o-LUn Heo: 'Sc‘ \L)n

Q.
(H) Q(HOI-SOIIUN) f'6(['UI'°‘-‘JA/)::O Hoi=Se W W, - Wn I b! O

Setting the determinate of the energy matrix equal to zero:
2
(W06 W0) (W00 - (Hay~ Ser Wn) =0

Rearranging:

am) (e 1)(1-00) = Chor-Se 1)

) W = - Bna
0 (m U’n = wo L,L)‘ -LOn

Where B, is equal to Hgi-3qgiWpe A similar treatment of the

excited state yie1d3é =
We = - =<
(1) e lLJI wo_ wc‘_

Where Be refers to Hg1-SpiWee The transition energy (hv) between

ground and excited states is given by the difference between

equations (IV) and (V),

. 5l = 80
(ﬂ) hv = We -Whn = u’!'LUO * w,n-wn Lﬁb—UUe

For weak complexes the dative form contributes much less than
the "no bond" structure (b<<a); therefore W, and W, may be
approximated by Vg and Wy since they differ by the resonance
energy between the dative and "no bond" structure. Therefore

equation (VI) becomes:

Wi hy= Wy -we + &2
\L)|—Ut)o

Where C, refers to an + Bez. The quantum energies in the

above equation can be related to experimentally determined
ionization potentials and electron affinities by considering

the following process (3).



A
l. D —>D*+e~ a4aE1 = I, the vertical ionizaticn
potential of the donor (D)

2. e” + £ —> AT A.EZ- EA the electron affinity of the
"acceptor (A)

3. (AT + D+)———? A“++D*AaE.=C the columbic energy of
oo b =M
bringing the two charges
together .
The total process leads to Wy, the energy of the dative state

from (D +A)osor #o (if we assume the Van der Waals stabilization

1S S‘.',l?.l]) OO(U”’) LU‘,“LL\O: I;;"‘ EAV‘-' G‘

Where Gy 1is e2/r + X and X is the polarization of the charge
transfer bond at the dative state. (?}gure 1 provides an energy
level diagram relating the energies discussed above. Substitutine

equation (VIII) into equation (VII):

s B+ Be
s . n e
(!X) hUET 'j:D £ZA (1 “—_—-_7_22
For 2 series of similar complexes with the same acceptor,Eﬁ
is rigorously constant., If +he intermolecular separation
remains constant, Gy, S01, Hg1s+ Wp+ We and therefore 3B, 2and

3, will be approximately constant, since similar 7P orbitals

e
are involved in the overlap. Since Ig can be made to vary

over a smzll range, a nearly linear plot of hv versus I% for

such a series migzht be expected. Chan and Liao (4) have found
this to be the case for a series of methylated benzenes complexed
with TCNE and have evaluated G, and C,Z B ? + 3.2 by two
independent means (Spectroscopic and dipole measurements)

with good agreement.

Assuming Y, 1s very nearly zero, equation (IV) can be

equated to gH (see Fig. 1).



rigure 1

Znergy level diagram for molecular complex

of tetracyanoethylene with benzene(4)
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(X) A HO Wo — an wo-

l'errifield and Fhillips (5) have found a nearly linear
correlaticn of AH and Ig for a2 series of methylzted benzenes
corrlexed with TCNE.

Two other correlations not discussed in Chan and Lizo's
naver c¢2n be theoretically derived 2nd applied to the series
of methylated benzene/T(iiZ complexes., These involve cor-
relaticns of AH with hv 2and M ct (the portion of the fi-n"w
moment of the complex due to the ch=zrpe transfer ir*: -zz2%ion),
Squation (IX) ¢ives hv 2s 2 function I% while equntion (X)

gives A3 #s a function I;. %olvirng the two equations simul-

taneously:
28
Bn
'“‘t:t j hV(LT

(X AN=

Where 3, = En2 + Eez.

As discussed earlier C, and B, night

be exrected to be constant, Wo however might vary with the
amount of Van der Wnals stabilization but would be expected

to exhibit &n increasingly negative trend as the number of
atoms in the comnlex increases., Wy however can be evaluated
from the charge transfer transition energy snd the eigenvectors
2s determined from dipole measurement. (&), The data of
['errifiele@ (5) along with that of Chen znd Lizo (4) for AH 2nd

Wy is eraphed i3 Figure 2, A plot ¢ the theoretical curve

(equation (4I)) is =1so plotted assuming

£ 5= 13.2 and

C, = 555 hcal/mole (%)



Figure 2
A egravh of the theoretical relationship between
44 and hv,; employing empiriczl parameters, and
depicting the data of Chan and liso(4), and the

data of kierrifield and Fhillins (5).

A = data of Ferrifield
» = data of Chan and Liao
0O = value for TBB/TCNE determined in this laboratory

theoretical curve

\






It is also possible to consider the implications of
Hullikené theory on the c¢ipole moment of the complex. The

dipole moment for the ground state (A%) is given by variational

A »
MOOR A5 = GNP Y dt= Sa% +b Y YA (o Rraw)dd

(x11) M= A, +b A, +;2abz.

LY

Tlhere M, is the quantum mechanical zverage for A over Y, .JQ,
is the average over Y , and MO.SS%MH = SLHMlPO dr
0E+EF20bS a7+ b7+JabS

(assuming A 1is hermitian). ,LLO physiczlly represents the

dipole moment for the "no bond" structure or, since TCNZE 1is
noenpolar, that of the donor. /Ltl represents the dipole associzsted
with transfer of one electron from the donor to the acceptor,
1401 has been approximated by iulliken (6) as an averzge of

the two dipoles over the overlap or S, (4 +A4 ). Substituting

into equation (XII):

i) s (S (Brabsa) B

The quantity (b2 + ab801)}( is called the charge transfer
dipole GAQI) where b2+ abSgqy 1s the fraction of the electronic
charge transfered in the bonding process. X-ray structure
investigation (7; has established that complexes of TCNE with
aromatic comrounds have the molecular planes parallel with a

sepr ration Of_i_ cwfee diagram below).
- 7

--w.q.-u—-
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Therefore i4o i€ perpendicular to/Lfl and 1n terms of magnitude:

A% (00 ab S, j;t/‘ﬂfZ + (b ab 3., )él/t, -
CXIV> Mt = (b FabSa) A,

Both/Q.o an&_/qn can be obtained from appropriate dielectric
measuremnents. /Q 1 can be calculated for the known donor-
acceptor sepmration. Therefore with 2n approximation for
Sg1 @nc application of the normalization constraints the dative
and "no bond" character for the ground state (a,b) czn be cal-
culated,

[loreover, a relationship between H ot and ‘AHO can be
obtained by substituting equation (1) into the normalization
requirement and finally substituting into equation (XIV),

(See Appendix 4).

(XV) Mgt = We- aAH-B, S
3 ﬂl‘
wo_'AH g 3 Bn "o?_SBQ
Wo-AH

Since the an term dominates the denominator a nearly linear
plot of M4 versus AH might be expected. A plot of Al
versus Al . for methylbenzene derivatives complexed with TCNE
is given in Figure 3 from data obtained from Chan and Liao (4).
4 theoreticzl plot c¢f equation (XV) is also plotted with the
use of charge transfer parameters cited earlier,

It is the purpose of this study to determine if the
l'ulliken parzaeters,that correlate the thermodynamic, dielectric

and spectrezl properties of this series of methylated benzene/TCNE



Figure 3

Theoretical plot of AH versus M,y from empirical

rarameters and the data of Chan and Liao(4),

G = data of Chan and Lii@)o

theoretical curve

10
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complexes, can be extended to other benzene derivitives, par-
ticularly donors where steric factors could play an important

role { e.g. t-butylbenzene).



EXPERIMENTAL

I'laterials

The organic materials used as solvent, donor, or di-
electric standard were either Eastman Kodak Co. or J.T. Baker
Analyzed and were distilléd at least once through 2 50cm fract
ating column. Organic liquids were stored in the dark, over
type 44 molecular sieve, previously heated for four hours in
a tube furnace at 320°C, Criteria for purity included vapor
thase chromatograms and indices of refraction. l'ass spectra
ef t-butylbenzene showed no impurities of higher molecular
weight, Table 1 .provides a comparative list of experimentsl
and literature values for the physical properties of these
materials,

Tetracyanoethylene was purified by sublimation =% 135°C21©
(3-4mm) yielding a white crystalline powder melting at 199-200°:
in a sealed tube. TCNE was then grcund to a fine powder
#ith a motar and gastle.

Table 1
All Values Given for 25°C

Material Np(Lit)? Np(Zxp. ) E(Lit.)
Methylene Chloride 1.42115 1.4212
t-butylbenzene 1.49024 1.4902 2.357bc
Toluene 1.49415 1.4942 328"
Benzene 1.49792 1.4979 26275
Carbon Tetrschloride 1.45739 1.4574 2.228°
P-Xylene 1.49325 1.4933 2.261°°

12
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In Table 1 i refers to the index of refraction; € refers to
the dielectric ccnstant. Those values with a superscript c
were obtained from reference (11); those values with = super-
script b were calculated from Pm=(EL-1/£:+2)H/€ where F_
refers to the molar polarizability, £ the dielectric constant,

! the molecular weight, and C the density. Since Be is constent,
& for z piven temperature can be calculated from & at another

temperature and the aprropriate I and C values.

Zquipment a2nd Apparatus

U.V.=-visible spectra were taken with a Beckman Acta [iIV.
Absorption measurements for determination of 4 H were taken
with 2 Hitachi Perkin-Elmer 139 U.V.-visible spectrophotometer
equippred with 2 jacketed absorption cell thermostated with
& Forma-Scientific "™ ter bath. [lass spectra were taken with
a Jupent 21-490 i'ass Spectrophotometer., The vapor rhase
chroms togrems were obtained from a Perkin-Flmer !‘odel 154-L,
equipred with a thermal conductivity detector and 2 10 ft. column
of 157 SE-30 stationary phase, with a helium carrier gas flow
rate of 70-60ml/min. Indices of refraction were measured with
a Bausch & Lomb Abbe refractometer. Density measurements were
made with a stopper type specific gravity bottle. Weight
measurements were made with a Sartorius single pan balance or
a ‘/ilkens-Anderson analytical balance. A dielectrometer,
constructed in this laboratory by Fkr. James Belcher,was used
to obtzin dielectric data by the heterodyne beat method.

The dielectric cell (See Fig. 4), !liodel 2TN20LV,

(enpzcitance 20 pf) used for pure liquid 2nd solution measurements



Figure &4

Dielectric Cell

14



———

AR ————

[—

O

2|
> e
)

|

(



15
was obtained from the Balsbaugh Laboratories, Duxbury, l'assachutes
and was modified for this research. Materials were introduced
through a capped sidearm via a 20ml volumetric pipet and
evacuated by K, gas flow., The cell was cleaned with acetone
and fried by N»> gas flow between each reading. The following

circult diagram describes how the cell sensitivity was modified

for these experiments.

.

!r_.__ L,
i o

G

Where C, is the dielectric cell, Cp is the precision cav=acitor,
©. 1s 200nf, and Gy is 100pf. With the fixed crystal oscillator
2%t aprroximately 2-6HHZ. the precision capacitor consisting cf
an army surplus frequency meter (flodel # BC221N) was tuned to

a specified null point for the beat frequency. Changes in the
cell capacitance were thereby monitored by the dial null point
settings. A warming up period of 10-12 hours was required to
minimize frequency shifts due to thermal effects. A five minute
period was necessary for the liquid to reach temperature

equilibrium with the thermostated cell (25.00°%.02°C).
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Experimentzl Frocedure

A, Spectroscoric Studies

The solutions for electronic spectra and absorption
measurements were prepared by delivering approximately 1ml
of stocksolution of TCNE (.1g TCNE / 100ml CH,C1,) from a
capped buret. The methylene chloride was evaporated from the
flask by ¥y gas flow and a weighed portion of t-butylbenzene
was 2dded. The resulting solution was diluted to 10ml with
CCly in a volumetric flask at 25%¢, Digitalized spectra were
taken of the charge-transfer complex, TCNE, and t-butylbenzene.
The solutions were prepared such that the concentration of TCNE
znd t-butylbenzene were the same as that in the solution used
to take the charge-transfer spectrum,

Lbsorotion data for six solutions of differing molecular
complex concentrationwere *aken at various temperatures, The
Bensi~Hildebrand equation (10) was used to obtain the equilibrium
constant and molar extinction coefficient for the complex over =
range of temperatures,

(t-butylbenzene) (TCNE) _ (t-butylbenzene)

1 (See Appendix 2)
absorption & 1 RE 1L

() =molar concentration prior to equilibrium
If the left hand side of this equation is plotted versus
(t-butylbenzene) a linear graph with slope 1/£L1 and intercept 1/k&q
is obtained. The equilibrium ccnstant is evaluated from the
slope over the intercept.
B. Dipole l'easurements

Solutions for dipole measurements of t-butylbenzene f4,)

were prevared from weighed portions of t-butylbenzene =nd CCl,.
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Soluticns fer dipole messurements of the charge trznsfer comnlex
were vrecarer by dilution with t-butylbenzene of a saturated
stock solution rrerared by stirring TCNZ in t-butylbenzene
for fcour days. One ml of each c¢f these solutions was removed
with 2 volumetric pipette and diluted to «5ml with CCly. The
absorption values of the resulting solutions were measured at
25°C. The concentrations of the solutions were calculated from
the equilibrium constant and molar extinction coefficient
previously determined by spectroscopic studies.
Since these experiments required measuring very small
changes in the dielectric constant, on the order of L2, s
was necessary to correct for any background drift in the frequency
of the radio frequency oscillator due to changes in atmospheric
conditions, line voltage,etc. This was accomplished by
observirng the null point for the cell filled with CCly or tolune
before 2nd =2fter each sample measurement. All measurements
were then plotted with time and the appropriate drift corrections
made. A positive deviation in the background was subtracted
from the observed null point dial setting. (See Figure 5)
Dielectric measurements were made on solutions of differing
concentration and a series of materials of known dielectric
constant., The materials of known dielectric constants were
used to obtain a calibration curve to convert dial settings
to dielectric constants. For both experiments this calibration
curve was 2 linear function over the range in which the solutions
varied. The dipole moment was calculated from the slopes (a,b)
of the rlots of dielectric constant and density versus mole

fraction by the Headstrand equation, (See appendix 1)



Figure §
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Spectroscopic Studies

benzene the charge transfer complex,

Results

Neither TCHE nor

19

Figure 6 provides a composite spectrum of TCNE, t-butyl-

t-butylbenzene exhibited any absorprtion in the range of the

complex.,

equation by a linear least squares program,

calculated from the slope and intercept.

K was then

¥

(t-butylbenzene) (TCNE) _ (t-butylbenzene) ,_ 1

o =

Absorption

Table 2

molar concentrations

e

The data in Table 2 was fit to the Benesi~Hildebrznd

KEX

l’easurements made at 417nm

2bsorption

(TB3)  (TCNE) _ 6.2°C 26.0° 24.89¢C 34,7°% u4,3% s4,89¢ 64,4°¢C
3515 7.68x10"% 437 .357 .315 .268 .236 .203 ,177
.0964 7,52 .137 .118 .111 ,096 ,079 .071 .061
.5552 8.00 " 623 .539 472 415  ,368  ,320 ,284
7490 7.76 " 733 J642  .569  .S50H U456 .398  ,349
.9120 8,00 .870 .796 ,688  ,620 .561 . 499 444
1.027 7.84 .896 .818 ,708 ,640 .582  .520 457

The plots for this data are seen in Fugures 7-13 and the results

tabulated in Table 3.



Figure 6

Composite spectrum of TCNE, TBB, and molecular

complex in uv-visidble range.

20
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Figures 7-~1
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Plots of (D )(& )/avsversus (D) for molecular
complex a2t various itemperatures, Error bars evalusted from

uncertainty in weight and volume measurements and 2 sample
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calculation.
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Table 3

Values listed for 417nm

Temp., I'olar ZEquilibrium Constant I'olar Zxtinction Coefficient
6.2°C . 314 2431 (L/mole-cm)
26.0 " 499 3036 o
24,8 «553 2520 "
4.7 U412 2832 %
Lh,3 v . 330 3104 "
54,8 + 250 3521 "
64,4 « 232 3369 "

The free energyv of formation is given by
5 =AG°- RT 1n@ = AH - T4S
where Q@ is the product/resctant ratio. 4t equilibrium4G
iz zero and 3 becomes the equilibrium constant heq Therefore:
- AK/RT + C = 1nii where C = AS/R + AGO°
fccordins to the equation above, a plot of 1/7 versus 1nr
has s slope of AH/R. Figure 1Y shows this plot for the dzt~

above, A ¥ vas found to be 4.2%,41xcal/mole by 2 linear

lezst scuzres fit of 1,/T versus 1ln% from the data of Table 2,

Dipole lMezsurements of t-butylbenzene

The dielectrometer null point dial settings were calibrated
in terms of dielectric constant from the dial setting for meterials
of known dielectric constant appearing in Table 4, The
calibration curve appears in Figure 15,

The data of Table 5 was used to obtain the slopes of the
linear plots of dielectric constant and density versus mole-

fraction. Thene nlots a2pprear in Figures 16 and 17.
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Table 4

Talibration standards for t-butylbenzene dipole measurements

"aterizl Dial Setting fi(Literature)(25°C)

561, 384 2.228

P-xylene 805 2.2608

2enzene 958 2.275
Table 5

Solution data for t-butylbenzeiic 1in CClu

Solution Density llole fraction TP2 Di-1 Setting €.
1 1,54602 .02995 464 2.2343
2 52654 . 04830 511 2,2380
3 1.48517 »08920 602 2,250
L 1.46150 .10880 658 2.2498
5 1,42450 . 14830 755 2.2576

Nizlectric constants and densities of solutions exhibit
the expected linear relationship to mole fraction of solute.

£12 = 2Ky + &

Ciz = 0%, + 0y

where E:12 is dielectric constant of solution, ?2 is mole fraction

of solute, E'l is dielectric constant of solvent, @ 12 1is the
solution density, and CH is the‘density of the solvent.

a and b, known as the Headstrand parameter, were evaluated
from 2 least squares fit and used in the following equations to

calculate the dipole moment of the solute.
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Figure 14

1n (KE%) versus 1/T for molecular complex
Error bars evaluated from slope analysis of the
plots of (D°)(A°)/3bS versus (D°) ond the uncertainty

in temperature.
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Figure 15

Dielectric constant versus dial setting.
Calibrated function for dirole measurements of

T33 in CCl,.
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Figure 16

Plot of dielectric constant versus mole fraction for

T3B in CClu.
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Figure 17

Plot of density versus mole fraction for T3B in CClu.
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“here P,, 1¢ the rmolar polarization of solute, ¥y,

5
o]

distortion polsrization, M, 1s the molecular welznt of solute,

. o it %he index of cefraction of solute, Iy i3 the nolecular
weieght of the solvent, El iz the dieleciriec coanstznt of the
solvent, ((is the density of thé solvent, Iy iz ivagedro's
nurber, k 13 Boltzman's constant, 7 is the temperature, and
M is the cdipole monrent.

Values used in calculatcion are =s Ffollows:

.= 153.8 g/mole

i

Fo= 1 34,22 o/mole

= = J200F

g - ’ v,
D= -3,03 _3_,"!".1
‘ = M %4
e _-L_'tf‘?\_‘l 25

Fy,= U627 ac
Fog= L=, 01 ee
E?pw— .‘z..?'fj by O
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Dipole !l'easurements of the Charge Transfer Complex

The dielectrometer null point settings were czlibrated in
terms of dielectric constant from the dial settings for
materizls of known dielectric constant zppearing in Table 6,
The calibration curve appesrs in Figure 18,

The datz of Table 7 was used to obtain the slopes of the
plots of dielectric constant a2nd density versus mole fraction.
These plots zpmear in Mgures 19 and 20, The nonlinearity of
the graph of dielectric constant of solution versus mole
fraction of t-butylbenzene/TCNE complex prevented the calculation
of a dipole moment for the complex.

Table 6

Calibration Data for t-butylbenzene/TCNE ileasurements

llaterial __Dial Setting Dielectric Constant (Literature)
t-butylbenzene 2860 23357
benzene 811 2,275
toluene 3360 2.379
Table 7

Solution Data for t-butylbenzene/TCKE Solutions

Solution liole Fraction CT Dial Setting Density Dielectric Constant
-4

nl 6.6x10 3062.0 .8596 225656

2 15.1x10-% 3216.0 .8601 2.3726
3 31,6x10 3181, 0 . 8607 2.3710
M 39.0x10"% 3167, 0 .8619 2.3700
5

50.5x10‘“ 3141.0 .8622 2.,3692




Figure 18

Czlibration functior for dielectrizc constant
versus dial setting for charge transfer complex

in T3B,
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Figure 19

Graph of density versus mole fraction for charae
transfer complex in TBB.
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Figure 20

Plot of dielectric constant versus mole fraction

for charge transfer complex in T3ZX.
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DISCUSSICN
Since tne hizhest filled 7PPorbital of benzene is doubly
degenerate =znd con be split by substitution, two festures might

be expected to occur in the charge transfer spectrz. (3See

diagram below).

i

- &0 - /’

In a few comtlexes this splitting is resolved, however in
general a wide unresolved band is observed. lerrifield and
Fhillips (5) have calculated the splittings of the Eig level
of benzene ~ue to substitution and added this to the band width
of the benzene/TCHE complex for several compounds. In genersl
there vas grod rgreement with the observed band widths. =4

grussisn it of cur spectra wss made according to the fcllowing

equation. G- H &’:%;1 = ﬂe'gx'\““a%xha/!n(a)p



%0
imzre A 1z the maximum absorption, X, is the value of ) -A?ﬁx
a2t the coint where the absorption is z4, an(ixm,m is the wnmve-
engzth of maximum zbsorption. The residuals between tha
gaussilar it and tho zetuad spectrum indicste 2 nongauzsinn
band shapa, A conmouter plot of the gaussian, spactrum, and
residusls is rrovidad in figure 21, Using Trieg s (8)

Ce iy } Rpa— (\A If 2o
empiriecal half widths relationshiv: Q JQ/ ~
o Ay i
Ine”°‘\&'Ul re the freguencizs a2t half intensity on the hig
and low sides respectively. According to this equation a single
value forQCmex.as 1F uHe splittirg did not occur can ve cal-~
g .o o g "1 .

culated. Y may Vi@s found to be 23,733cm or 42inm,

The apnlicability of the Iulliken pzrameters, detarmined

AT

by Chan 2nd Lizo (%), to the t-butylbenzene/ITTHEI complex can

]

be accessed by anzlyzing the correlation of 4 viith hv, TFisure 22
shews a 7riarn of the thzoreticsl curve determined by empiricsal
parameters from Chan and Liao, the data of Ierrifield and

A Ieala B Nates

Pnillinw, and the rieasured vaiues for the b-butylbmnzene/1Uuu

commplen. “ithin experimental error, the point corresponding

o

to the t-butylhenzene/TCRZE complex exhibits no significant

Y=o
"

deviation from the theorntical plot. Therefore it ecan be coneclulad
thet the [Hulliken p2remcters as deterriined by Chan and Linso
are consistent with the t-butylbenzena/TICHNE complex.

The plots of density and dielectric constrnt of solution

verisus mole fraction of t-butylbenzene show  goof linsarity =2nc
reproducivility; 21lthough the valua of 28D o lawer +ii»n most

i

- - 1 - - - ey £ )
3 book (9) for +hs dipole moment of t-butyl-

Pt
=

atrd i I'efiellan®

o

ﬂ,‘
=

ena’
From thg corvelation of AH varsus M y(3e2e ¥ig, 3) a value of
1.21D c=n be predictad for the dipole moment of the t-butylbenuene,’

TCNE comrnlex.



Figure 21

Computer ploi of the spectrun, Gauasian fi+, and

the residuals for TBB/TCNZ complex.
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Figure 22

Graph of theoretical relationship between 4QH and

hv,; prepared from empirical parameters along with
the data of Chaii and Laio, and the data of lierrifield
and Phillips. The values for TRB/TCNE complex
appezr along with error bars for the uncertainty

in 4H »nd hv, The uncerteinty in 4H was evaluated

from slope 2nalysis of the plot of 1n(X) versus 1/T.
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Zowever difT'rulties were encountered in the dinole measurements
of the comrlex (MhJ). Initially measurements were to be tzken
in 2 tertisry sys.z=m with CClu as solvent; however the am2l1 amapns:
of comrlex formed in these solutions prevented these measure-
nments, TCI . wr=s then dissolved in pure t-butylhenz.ene yielding
a saturated solution of approximstely only .0C5 mole fraction.
£lthougsh dinole determinations are usuz2lly made with solution
conceritrations in the range of .0 to .1 mole fraction, dielectric
measure~nsnts vere attempted. 4 linear plot cf donaity versus
mole fraction was obtazirrd. However, the observed “ielectric
consten*ts densrted sporadically from the znticir-ted lincerr
veriation wit» mole fraction. It wes concluded that the con-
centr=tion of these solutions were approximestely &n order of
m2gnitule too small for reliable dielectric messurements. °n
addition, it was noted that at these very high sensitivities,
the messurerents were extremely susceptible to trzce impurities.,

In conclusion, the thermodynamic and srectral properties
of the t-butylbenzene/'iCiZI molecular complex hsve been measured
for the firast time and, within experimental uncertainties, hzve
been found to be mutally compatible with the lulliken charge
trsnsfer parzreters that describe the methylated benzene/TCNE
series, This result suggests thzt the steric properties ot
the t-butyl srour do not significantly affect the bond strength
or excited stnte energy of this complex. A relationshin between
the heat of formmtion and the chzrge transfer dirole has been
derived., Sirice the steric properties of t-butylbenzene do not
sigrificantly affect the charge transfer bond energy, then it
may be rezsonible to assume that the contribution of the dative =

sturcture o5 the dipole roment is similzrly une ffected,



LY.
Then the chzrge transfer dipole moment can be predicted from
the correletion of AH with L(ct and 2 knowledge of the heat of
formation. iowever experimentzl difficulties precluded the

verificztion of this predicted dipole moment.
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AFFENDIX 1

Digpole Theor,yd

A molecule exhibits 2. dipole moment if its center of
charege Aoes not correspond with its center of mass. The
dipole moment is defined mathematically as ii.=';'- q
where r 1is the separation.and q is the charge sepzarated.
In 27dition to a permanent dipole , molecules can exhibit =zn
induced dipole due to distortion of the electronic configuration.

This is termed distortion polarization. The vector resultant

<f the induced and vermanent dipoles per volume is called the

-—

t{otal polarization, P.
=N N o N
(1) P =HN/V = (/M) N M

where ?? is the total dipole moment in an applied field, V
ie the molar volume, NO is Avagadro’s number, £is the density,
and M is the molecular weight.

If a capacitor in a vacuum has a capacitance C, =nd upon
2ddition of a dielectric mecia to produce a new capacitance C,
then the dielectric constant (€) is defined by: £=0C/Cj > :
the Aielectric constant is =21so given by:

(2) & = Ea + uﬁ??ﬁ’i%
where’gg is the applied field. The average dipole moment is
given by:

S

(3) W =<LF

-—
™

whereo€ is the polarizability and F is the local field intensity.
_ Y N
(L) F=E+ 4/3PP
Solving equations (1), (2), (3) and (4) simultaneously yields

the following equation inown as the Clausius-liosetti equation.

(5) E-1 M _ 47 _
t7a € 3 M= = P

d from lecture by Dr. Giles Henderson.
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WhereX.is considered to consist of a distortion polarizability @\6)
and 2n orientation polarizability (x4 ) and Pm is known as the
molar polarization,

The tendency of the dipole moment to orient itself with
the applied fie=ld is oppésed by thermal effects. The componer7
of the divole moment oriented with the field is given by pALcos ‘6~
where ©-is the angle Mmakes with the apﬁlied field, The dis-
tribution of orientations with the field must be accessed in
nrder to obtain the average dipole in the field directicen. The

votential energy of a molecule as a function of ©1is given by:
—_

=
V(e)= ~McosexF

The average dipole in the direction of the field is given by:
<m}l> = (MNz)avg

Vhere N is tne number of molecules with componentAt,.

*ssuming a bYonltzman distribution:
<mM> = (Mcos® ) » (Mcosm/;\t) —_—

'n general V(&) is much less than kt;and therefore,the follcwing

approximation can be made.

X1 4 x 4 x2/2 ave2 1 @ %
o muy = [ eose (1 Fu c:;se)j

= }f E, Sc QoSﬁ-dlD M“’F
Kt S . 3KE

BN — ~
from equation (3): -n;‘{:a(F zocp F +Xo F
°7 —
RL <:”®“J7 :(}C}Jf:
‘3
So (B)X = p
- 3kt

Whereol{MMis the orientation polarizability.
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Recalling equation (5):
(5) fél! m 9 TP L 2
et2 7 = Im = ‘31-:5‘/\/0 (X "f“’(o):- ______’-/g‘fo(ﬂ’_&_ -p—a;10>

3kt
'3 ; _H’?h’b @ LJTPNO&O
-~ (7) Pm__lﬁiicyf)—!- 5

The first term is referred to as the orientation polarization

and¢ the second a2s the distortion polarization. “hen measuring
dipole moments an alterating field is generally used. Zquation (7)
is valid rroviding frequencies are low enough tc allow the
mol=cule to orient itself. This occurs in the radio frequency
range. At optical frequencies the molecule can no longer orient
itself and the polarization is due ertirely to distortion
polarization since electronic motions are very rapid. At

optical frequencies: €= n2 where n2 is the square of the index

c? refraction. Therefore equation (5, becomes:
<X

n-l n _ - Oy - AT

3 T - fm = fd = S Moo
“lhere Pd is the distortion polarizaticii, Therefore if £f2nd n
can be measured, M can be calculated from equation (7). However
E,is not measured directly because of dipole-dipole intersctions
in the undiluted material, 1In genera}, gas or solution
measurements are made where the solute is surrounded by a
nonpolar solvent preventing solute-solute interactions.

For solnutions: | V -
= m,+ IR
Porn = % P+ rafam = Si2 CL'——- 5
Sia+
(a

Where subscripts 1 and 2 refer to properties of solvent and
solute respectively, 12 refer to solution properties, and x

refers to mole fraction.
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Since the solvent is nonpolars:

2
Pll’h = "11" ml
n>+r 6
- X
? :— Cia-1 (X: 1+ Xa Mg m
) 208 )( E‘a*a ‘?’a\} ;+a 64

To use this eaquation,P,, for several concentrations must be
measured and extrapolated to infinite dilutions. 1In practice
the method Headstrand is easier to apply. Substituting the
€ollowing emnirical relationships into equation (8) obtsins

equation (9). R €, +aXas

- 3ma - = b
2 &”‘q<£+e)’f,'+ (ﬁ+a>€ (s -21—

Therefore if a and b can he determined frcm lirear plots cf

1"

&1 versus %, and ‘22 versus X,, then Fp, can be calculated.

PoM can be evaluated from the indey of refraction:

bar= Pomn - Pd = B — _=2) ma
NZ+R gy

Finally, the dipole moment c2n be calculated from :

: No |/ J°
P = F e (A )
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AFPENDIX 2

Develorment cof Benesi-Hildebrand Equatione

The equilibrium constant for complex formation is given

by: (t-butylbenzene) + (TCNE) = (CT)

(1) Keq = (CT)/(TBB)(TCNE)

‘lhere the parenthesis refer to molar concentrations.

The concentration of the complex is (CT) = A/ €1

Where A is the absorrtion, & is the molar extinction coefficient,
and 1 is the path length. If measurements are made in excess

t-butylbenzene, then (TBB)°&3 (TBB) and(TCNE) = (TCWE)® - (CT).

Substituting into equation (1):

e S ComerTesr- Amesr

Rearranging:

Yo = g.@([-rcmejo Cregl°— ACrssl

e's £t na‘llzras]", L O8]

Finally:

lj—crv;_] )j'e,sj" e T F»Bfﬂo

If a plot is made of the left hand side versus (TBB)©,
linear graph is obtained with a slope of 1/£1 and an intercept
of 1/ 1k. K is evaluated as slope over intercept and &1 is

evaluated as one over the intercept.

e from lecture by Dr. Giles Henderson
o refers to concentration prior to equilibrium
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Resezrcn Frograms

50



Sy

A

i &
L] L.
; i th %
Wl & <t Te A [+ P
NS Yl &) K y ; a0
;= i = [ B o
i ! <t - O
= - L a0 |
LA 72 - 3 4
I . A 3 -, Z*
; ‘0 fuii td W S~
3 ‘ A i n e % i o
. 1O ! PNy i 4 N
i b ~ g (s A
; - - - oun i3
() ¢ wm S = o
-1 L = () e
I 4 2 e i ] —t et
Jme o b (a8
(&) L s -
(Y - (24 S
- | - b= -
() ETUI v N
Com) e " ¥ & - ~
- re) 3 LQ -~ g
- i b < [ S a. ne
[ w g - ¢ 4 ~ ¢
> 0 Gt e W b~ O
.- — & [ i s ~<
—~ - o )A (VN
(=) - > [ )~ bt
o : > e e ] o
— Rl < S T W~ ~ e~ <
o~ 5 ; - X - SV g} M~ - N
Fa : - - B 2 Ty e ® » )
T e : 7 o) - w i T TNV _ Za
O~ : x = - 25) £~ : + [
() ! (&) o L3 5 W L) »= —
[ 5 . i ~ e e * e | N o
= g S0 B L g5 O - (] =% Ledl oo}
= = w . N Biagty ~ -8 ~i—
.ulf - | Z e taAynes Law o i R 8 ot —Z
ez Z .C..,.NL.. <~ lae -z it
- s + = QA e LEX =N N 3# < Dt
T - - O e e L) KD e TG Yo PR O -~ > od X
wo X (TR S bl o o) e O 1D > O «C QO
CQ~ noon R Y N e L L danl o < ¥ N ™M e
— ~— - < AU o [SV W (ol oL <t ¥ L X S VO] ar e
D> = e & . , “une 3O [ n 3 ] D e O ¢« e oY o
X ex * & m = LT e s Age O~ g > X Vs | aton B G N
~h \I:)))I.'IP\' gl e~y Q & =) .o~ g ‘{(63 O + -0 N0
Z D I)Tl()olunliﬁxv ﬂ:FL.M:J /PlS b A I
UDW ~Neh R TN | sendxem @ i Pl PR d 10 N R WIRON
O~ ~ X.P.X.N.ﬂXE.(UX glaud »q Lﬁ..):23 <4 2N ¢—{
N WCOwOwOQA (O }l.n.)-R.IZAQZ <LUY TNAaD~» ClUL. ¥
-~ > g el by e —em a2 O e O eI AU RN Y KT b
- e Ay apgOUD ~UEG w O i O O | RO~NNIEZ Dea—T0U -
FE DD CeR—OIR—NIN NIZN MIT 4+ UDPNOg | 00 =0T
A A=OESEO o d P ) 6N bt CR 7 e OX MO 0¥ e Wi X e
p—r bt b b B B TP AT Ok St o 8 0 oD s a 8020
wnz GTSYSTST(TET(TQAITTQA(TSE( AV M- TN~ =2
SN =T T g e T A1 e XU 1 L <C X \Lief, ] N e o
S MYXOrQASTOT X033 _TMIL._T X= N nay niar g =g WD
LI N A A Qe AL AR ML Y [ o — T
& WCWoWOWC eOuOrNd oM ddo.CNUOUN—Z 3 MJUUU X —OWZ
DCHRFQ¢KCQFwFRFHFCQHFDCA LN X > X NOA g2 o0 XU X 2W =T xU!
. B ¢ © % (B o
; o 4 o) ) o
A & e REe ! IG o o _ o
(g (AN ANEES SR SR T IS ~N [p8] w
5 . i
o :

AP Rl

|
N FUNEDT DM GO~ OB a AL OB O A e

—_—

o

fm)

- -

~— L on]

— -~ o~

[e'd W —

- ﬂl\

- )V-
- -
& — X
9 - —_—_ -
“>g ——_
z 'M -~ —
N ey wv
~N WY + + X >
A= o
06 =y IO

x<g e eI
VU] . O—~DD W
M O (LI
-0 [ IR]] I
b= ner nne
DV N> >
O C >x»XM YX>r¥¥™
W EXK X 2T
QST o SRS
= onVvnCcnunwm
wcocuouwm &y
P T W G S S



r
—-

SHERONUTINE Paz7

s

1‘ >

DIMENSTOM Y (100) oY ¢ l ﬂ,ﬂl{lﬂﬁ)
COMMON AR. A, ST ENA
Slitex = p
Ty SHETY =1 )
Sty &N = n
Sitm¥y = n
DU 4 I = ].'\J
SUMX = SUMX + x(I) "
10 QUMY = 'Y o+« Y (1)
SLMXSGE = StiMXS] « X({I)yuX(I)
SUXY = SHtxy + X ([ysy(I)
» 4 CONTI'\;UE : . ~aPoal. oum, 8L 5t JEMOATY
15 OE% = FN»SUM\SC = SifMy#SUMX
% AM = (SUSXY#II - SilmX=SuUMmYy) sDen
~ Ag fgé§bMXSQ¢SUMY - StiMXaSuUmMXY) /DEN.=
SUMRSG =
U0 S I = 1.N
20 RICIY = Y(l)~ Atsxt(]) — Ak
S c?UMQEQ = SUMRSY « RI(IVeRICIY -.
SIGMA = SR=T(SU»RSQ/CI)
BETYRM
25 end
SY»HB0L IC RFFERENCE MAP (D=1 sl
ENTRY POINTS
2 OKEZ/
VAR st ES Q. TywE bee L QCAT I ON
N £S Qf AL /7 ! A
“e  CI RE AL €4 UE.
a2 TN ok sl . 62 I
NN [MNTECER F.P, €7 I
2 SIRwA PE AL / / AS  SUMH
SR Slhisx PE AL 60 SUMix
S1  Steaxy RDEAL 57 SuUMy|
nooX REAL Avoay F.Po O Y
FyTteaalc TYFE ARGS
SGRT QEAL 1 LIBRARY
STATEMEMT LARFLS
n & 65
Ln0Pe LAFEL IiiDE Y FROMaTD LENGTH SHOPERTIES
1 & I a 13 101k cPT
i3 5 I 16 =1 B H ~OPT

72,77 Sre =l

UBICUTINE 2A77(MeXoe




STAt:MCADIY Pt a T el = 1 28 7a0

5% L CONTIMUE
S& EN = N
87 DFN = EMESUMXSE = SUMX=SuMx
5¢ A9 = (SUMNXYSIM - SUMX=SUMY)/TCtMN
56 AM = (SUMXSS=SUMY. = SUMXESUMXY )Y/ DEN
60 . SLMASE =. 0 N
&1 NG 5 T ==l
62 RI(I) = Y(I)= AM=X(1) AB
h3 5 SUMRSQ = SyMRSQ + RI(I)*QI(T!
&l Cl = N
65 SIGMA = SQRTUSUMRSQ/CI)
6& RETUIN
67 END
$ENTRY * '
THE CIuL Sz TTIWG THE DICGLECT2IC CCONSTANMT
&,:3) 72,2347 . :
SIL.OQ 2.2334990Q0
632,30 2.24A0000
658.00 22505990
755.00 2.2585000
3 = ~1.03417
DEMSTITY CCL & = 1.5755%4%
iTuhO“md e VTATIJN = 2.33153
FMELECT2IC, CANSTANT €CCLE = 2.22863



A= —1.034l17 . " 1 B ' . 4
DENSITY CCL% = 1.57654

STANDARD D= VIATION = . 2.391583 4l y s gl R e R
'\ = J.Zl:56

DIELZCTRIC CONSTANT CCL4. =  .2.22863 . fr L
STANCARD NEVIATION = % 1.85789 . T e
MOLAR_POLAZIZATION = . 46.27876 .. . | et i

NISTORTICN D)LAR[ZATICN = 4s. 01648'j: 'j;
ORIENTION. POLARIZATICN, = . L,26228., gz"” R iy

DIPCLE MCMENT = 93, 24894630 Sl _
CORE_USAGE_ . 0%J¢£T coo:- _3936 BYTrS.AQRAx AREA:mq Zall_BYTCS T01
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Program for Calculaticn of the Bouilibrium
Constant and olar Fxtinction Coefficient by

The Benesi-Hildehrand “auation

Input

2 % P(I) = ({TCNE)(T®®)/absorption) of solutions
Y{T) = TR molarities of solutions
¥ = Number of points

T(I) = Temperstures of absorntion measvrements

OutEut

XX = Touilibrium constant
A® = Slgre uf Renesi-iHildebrand plot

Al = Intercept of Renesi-diliebrund plot

SURRDUTINE RAZZ is a linear least squzres program,



PANTLY 12772 0T =1 FTNM & ,a%es]0 16/

PCM iR 2AZZ7(INPUT LOLTLUT s TAPES=INPUT A TAPE2=0UTLUT)
CIMEMSTON v sD)
CIwENSION T(90)
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