SOLVENT AND TEMPERATURE EFFECT ON SOME SPECTRAL PROPERTIES
OF THE FIRST OVERTONE OF THE -OH STRETCHING MCDE
OF 2,6-DI-TERT-BUTYLPHENOL
2,08

by 3 B 5’ ;_‘:.‘ e )
PAT-LEE NEE

B, Sc., National Tsing Hua University, Taiwan 1970

A MASTER'S THESIS
submitted in partial fulfillment of the
requirements for the degree
MASTER OF SCIENCE
Department of Chemistry

KANSAS STATE UNIVERSITY
' Manhattan, Kansas

1973
Approved by:

Major Professor




LD ii
26l %
TY
e 2
15 TABLE OF CONTENTS
Ny
.2 Page
Poc- %
LIST OF TABLES v
LIST OF FIGURES - ¥
I. INTRODUCTION 1
ITI. EXPERIMENTAL 5
II1. RESULTS AND DISCUSSION 6
A, Appearance of Spectra 6
B. The Peak Frequency for the First Overtone of the
~0H Stretching Mode of DBP
C. The Band Half-width for the First Overtone of the
-0H Stretching lode of DBP 14
D. The Molar Absorption Coefficients for the First
Overtone of the ~0H Stretching lMode of DBP 17
E, Values of the Relative Change in Coefficient per
Degree Change in Temperature-R 24
F, Values of Ramsay Constant, K 26
G, Correlation of Various Spectral Parameters 28
H. Dipole Correlation Function Analysis 28
I, Truncated Band Moment Analysis 55
IV. CONCLUSION 95
V. APPENDICES 97
A, Sources of Materials and Methods of Purification 97
B. Experimental Procedures | 98
C. Tables of Spectral Slit Width Measurements 104
D, Tables of Band Intensity Measurements 111
E, Table of Results for Least Squares Analysis

of Spectral Property vs. Temperature 117



iii

Page
F, Tables of Results for M3 and M3B at Selected
j Values 119
LITERATURE CITED 121
ACKNOWLEDGMENT 124

VITA 125



TABLE

1.

Te

8.

9.
10.
11.

124

LIST OF TABLES

The -OH Stretching Frequencies (cm"l),

over Concentration at fach Temperature

Averaged

Band Half-width for the First Overtone -0H Stretching

Mode of DBP Averaged over Concentration at Each
Temperature

lolar Absorption Coefficients from Peak Height
Measurement at Each Temperature

Integrated Molar Absorption Coefficients at Each
Temperature

R Values for Frequency, Half-width, Peak Height
and Integrated Absorption Coefficients

Values of Ramsay Constant, K, at Different
Temperatures

Values of the Correlation Time, t =f§)q5(t)dt. for
the First Overtone of the -0H Str&tching Mode of DBP

Solvent Order (in Order of Decreasing Magnitude) of
Spectral Properties at 25 C

Spectral S1it Width lMeasurements
Band Intensity Measurements

Regults for Least DBquares Analyses of Spectral
Property vs., Temperature

Results for M3 and M3B at Selected j Values

iv

Page

13

16

20

21

25

27

53

9L
104
111

117
119



Se
6.

7o

9.

10,
11,
12"'14.

1as
13.
14,

LIST OF FIGURES

The First Overtone of the -0H Stretching lMode of DBP
(a) ccy, |

(b) Cs,
(a) CuClé

(b) n-Heptane

(a) CCl,-n~Heptane Mixture
(b) Cyclohexane

Frequency of the -O0H Stretching Mode vs. Temperature
in Different Solvents

Band Half-width vs. Temperature in Different Solvents

Peak Height Absorption Coefficient, Ay ¥S.
Temperature in Different Solvents

Integrated Absorption Coefficients, AOZ’ VS,
Temperature in Different Solvents

Peak Height Absorptiog Coefficient, Agpr VS
Band Half-width at 25°C

Absorption Coefficient vs. Frequency at 25°¢.
a, Peak Height Absorption Coefficient, Y
b. Integrated Absorption Coefficient, Ay
Frequency vs. Band Half-width at 25°C
Frequency v8. Solubility Parameter

Dipole Correlation Function, ¢ (t), and log P(t) vs.
Time for Different Integration Ranges of Cyclohexane

at lSOC
at 25°C
at 55°

Page
8-12

10
10
12
12

15

22
23

29

30
il
32

35=39
25
37

29



FIGURE

15'170

15.
16.
17.
18-20,

18,
19.
20,
<8 B

22-24,

22,
2%
24,
25-27,

25,
26,
27,
28-30,

28,
29,
30.

Dipole Correlation Function, (b(t). and log q5(t)
vs. Time at the Same Number of éLJ%'S for
Different Solvents

at Lowest Temperature

at 25%

at 55°%

Dipole Correlation Function, qb(t), and log qb(t)
vs. Time at the Maximum Number of AV .'s for
Different Solvents =

at Lowest Temperature

at 25°

at 55°C

Correlation Time, t_, vs. Band Half-width at 25°C
a., Same Number of z?ui's: b. Maximum Number of
AI/%IS 2

Second Band Moment, M2(j), vs, j Units for the
Same Number of AV%'S

at Lowest Temperature
at 25°%
at 55°C

Second Band Moment, M2(j), vs. j Units for the
Maximum Number of AI/%'S

at Lowest Temperature
at 25°
at 55°

Fourth Band Moment, M4(j), vs. j Units for the
Same Number of AV%'S

at Lowest Temperature
at 25°¢
at 55°C

vi

Page

41-45
41
k3
b5

47-51
47
49
51

54

57-61
57

39
61

63-67
63
65
67

70-74
70

72
Y



FIGURE

31-33.

3L
32,
33.
34-36,

34,
35,
36,
37=39,

37
38.
39

vii

Page
Fourth Band Moment, M4(j), vs. j Units for the
Maximum Number of AL/%'S 76-80
at Lowest Temperature 76
at 25°C 78
at 55°C 80
Plots of B(j) vs. j Units for the Same Number
of;sb%'s 83-87
at Lowest Temperature 83
at 25°% 85
at 55°C 87
Plots of B(j) vs. j Units for the Maximum Number
of AVy's ' 89-93
at Lowest Temperature 89
at 25°C . 91

at 55°C 93



I, INTRCDUCTION

Over the years, infrared spectroscopy has frequently been
used for studying the solution phase by observing the effect of
solvent on the band frequency, intensity and shape of the
stretching mode of a hydrogen bonding acid (1-4). Despite the
impressive volume of work on these solvent effects, there is a
paucity of adequate theoretical explanation for the phenomena
observed.

Many studies (5-12) have attempted theoretical treatment of
solvent induced frequency shifts. An early approach was given
in 1937-38 by Kirkwood, Bauer and Magat (6, 7). The theory, based
on the Onsager electrostatic reaction field, considered a simple
model of a diatomic oscillator in a continuum of dielectric
constant €, and assumed the frequency shift.depended only upon
€ and the electric properties and dimensions of the vibrating
solute dipole, Later Buckingham (8) presented a quantum mechan-
ical treatment of frequency shifts in which a perturbing effect
of solvent upon the energy levels of the solute was provided,
These theories consider only the bulk properties (dielectric
constant and refractive index) of the system and exhibit con-
siderable deviation from observed behavior. It is imperative
that theories of solvent sensitivities of vibrational spectra
consider not only the bulk dielectric effect but also the
solute-solvent interaction, specific dipolar interaction and
non-specific dispersion forces; thus, there still remains the
problem of explaining theoretically all the observed phenomena

of solvent effects on band intensity and band position.



Another challenging problem in vibrational spectroscopy is
the understanding of band shapes in various systems, From an
analysis of shapes of bands (13-18) insight into the kinetics
of molecular motion in solution can be obtained (19-21). Until
recently, it was considered that an infrared band could be de-
fined by its maximum absorption index, (Kmax)' peak position,
(LE), and band half width, (AL%), (22). The simplest theoreti-
cal assumption leads these three parameters to the prediction of
a Lorentzian (Cauchy) band contour, i.e.

at
2 2
bc + (?/..Vo)

K, V) =

2 . -
where a'/bc = K ., and 2D, = AVi.

ax
However, in practice very few bands observed experimentally con-
form exactly to this Cauchy profile, and various Gaussian
perturbations of the Cauchy profile have been suggested (14).
These include the Voigt convolution (13) and the Cauchy-Gauss
sum and product functions (14, 22):; but it is still not reason-
able to expect that all band profiles can be represented by such

combinations., For a Gauss function

]
K, w) =—-i‘-§-—-exp (--(-lzﬁ)— (v- 1/0)2)
g bg
|'2-—. —
where a /bg = Kmax and 2bg &L’%.

Recently, there have been two new technigues developed to
interpret more quantitatively the contour of the band., One
method was proposed by Gordon and Shimizu (19-21). Their work
has established that the Fourier transform of the frequency

spectrum yields a time correlation function from which the nature



and rate of molecular reorientation in the solution may be infer-
red, The role of the time correlation function is comparable
with that of the partition function in equilibrium statistical
mechanics, In other words, the correlation function is a
quantitative statement of what average predictions may be made
after a given time using the initial knowledge. The time
correlation function can be obtained from

Jband

¢)( ) K(v) cos 2u c(v-vo) tdv
-t o=
jba“d K(V) v

where K(V) is the absorption index, ¢ the velocity of light, %
the time (sec) from an arbitrary starting time t = 0, and V is
in cm'l. Here the absorption index, K(V), is defined as 2,303-
A(V)/LCL where A(V) = loglo (IO(V)/I(V) ). L is path length in
cm, C is molar concentration, v is frequency in cm'l, and IA(V)
and I(V) are incident and transmitted intensity, respectively,
at frequency V. Although the time correlation funection can
also measure the rate of fluctuation and the decay processes,

it may not be known accurately enough to support more detailed
quantitative interpretation (19).

Another desirable method for quantifying the band shape was
deduced by Jones et al., (13, 18, 22), They used the truncated
moments of the absorption curve, Mr(j), that are independent of
any specific mathematical model. Mr(j) is given by
-—l~;j+3 (v-v ) £(v) v
Me (j) = —2==d

J*j £(V) av

-3

with r = 2,3,4 [ g 2b =41, L ;
= 243,84, j = %7517;__ , 2b = 3 ;? a factor reducing



the moment to a dimensionless quantity, and f(VV} = A(V) =
loglO(Io(v)/I(U) )e Thus all bands conforming to the same
mathematical shapes will possess identical moment characteristics
regardless of their peak intensities or band half-widths, For
bands that are symmetric about the frequency of maximum inten=-
sity, the moments of odd order will vanish, so the truncated
third moment provides a measure of the band asymmetry of a given
band shape. At least for quantifying subtle differences in band
profiles of different mathematical models truncated moments may
be more sensitive than time correlation functions,

Jones and coworkers (18) have written computer programs for
calculating both dipole correlation functions and truncated
moments of single peaked infrared absorption bands., We will
analyze our experimental data by means of these programs,

2,6,-di~tert-butylphenol, DBP, is considered as a hydrogen
bonding acid which forms 1:1 complexes by heteroassociation with
non sterically hindered hydrogen bonding bases but does not self
associate due to the -0H group being effectively screened from
sterically hindered bases such as the 0 atom of DBP itself (23),.
The weak complexes DBP forms with nonpolar or weakly polar
solvents may be referred to as collision complexes (1), It is
reported (1) that the frequency shifts of stretching modes of
collision complexes will obey the Buckingham relation over a wide
range of solvent properties,

In our work we wish to investigate how the frequency shift
and band intensity for the first overtone of the OH stretching

mode of DBP compare for different solvents, and also to study



the influence of solvent on the first overtone band contour
using a dipole correlation function and truncated moment
analysis,

A body of experimental evidence (23-30) indicates that the
peak height intensity and position of an infrared band are
temperature dependent, but less is known about temperature
induced changes in band half-width and peak area, Recently,
Baker et al. (4) have claimed that the band shapes of the -0OH
stretching bands of phenols are shown to be invarient with
temperature in CClu. Apparently, systematic work is required to
assess the effect of solvent and temperature on the band intensity,
position, and shape of a single chromophore., Consequently, a
systematic study on DBP in different solvents at different tem-

peratures was initiated,

IT, EXPERIMENTAL

The first overtone of the -0H stretching mode of DBP in
solution was recorded vs, solvent using a Cary 14R spectrophoto-
meter with monochromatic radiation incident on a sample cell
located in thermostated cell holders, All solutions were prepared
gravimetrically and measured solution densities were used to
obtain concentrations in molarity; the concentrations ranged from
0.05M to 0.35M. Details about materials and experimental pro-

cedures are in Appendices A and B, respectively.



ITII. RESULTS AND DISCUSSION

A. Appearance of Spectra,

In nonpolar or weakly polar solvents DBP exhibits a single
relatively sharp 0-H stretching band., Figs. 1 to 3 represent
typical spectra for the first overtone of the OH stretching mode
of DBP in each solvent at the highest (dashed line) and lowest
(solid line) temperatures, The dashed line has been delibrately
displaced along the frequency scale merely to exhibit clearly
the spectra at the two extreme temperatures and is not to be
interpreted to show quantitatively the difference in frequency.
The spectra recorded with the 0-—> 0,1 absorbance slide wire
will show some pen oscillation owing to the increased instru-
mental noise; therefore, a mean value line has been taken to
draw the curves,

B. The Peak Frequency for the First Overtone of the -0H
Stretching Mode of DBRP.

The peak frequencies of all solutions were measured at
various concentrations and temperatures. Somers and Gutowsky
(31) reported that the OH proton chemical shift of DBP is
concentration independent in 0014. In our systems, for nonpolar
or weakly polar solvents, the -0H stretching overtone peak
position appeared to be independent of changing concentrations
of DBP at a fixed temperature. The peak frequencies were there-
fore averaged over all concentrations at a given temperature.
The results at different temperatures are compiled in Table 1
together with the errors limits calculated at the 90 percent

confidence level.






EXPLANATION OF FIGURE 1
The First Overtone of the -0OH Stretching
Mode of DBP

a, DUBP in CClu (path length 2 em, slide wire 0sl1),

0.06608 mole/liter at -5°C

0.06139 mole/liter at 55°C
b, DBP in CS, (path length 1 cm, slide wire 0sl),

0.13194 mole/liter at -5°C

0.12712 mole/liter at 25°C
Note. For Figures 1l-3, the solid curve corresponds to the
wavelength scale while the dashed curve has been deliberately
displaced merely to show clearly the spectra at the two extreme

temperatures,



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH DIAGRAMS
THAT ARE CROOKED
COMPARED TO THE
REST OF THE
INFORMATION ON
THE PAGE.

THIS IS AS
RECEIVED FROM
CUSTOMER.



Absorbance

Absorbance

0.3 |

0.2

0.1

0.0

0.3

0.1

0.0

T T e e

1.38 1.40 1.42 1,44
Wavelength in Micrometers
Figure 1






EXPLANATION OF FIGURE 2
The First Overtone of the -0H Stretching
Mode of DBP

a, DBP in CuClé (path length 2 cm, slide wire 0—>1),
0.07594 mole/liter at -5°C
0.07192 mole/liter at 55°C

b, DBP in n-heptane (path length 1 cm, slide wire 0—>0.1).
0.09322 mole/liter at 15°C
0.08749 mole/liter at 65°C
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EXPLANATION OF FIGURE 3
The First Overtone of the -0OH Stretching
Mode of DBP

a. DBP in CCl, -n-heptane mixture (path length 1 cm, slide wire
050,1).
0.14974 mole/liter at 5°C
0.14014 mole/liter at 65°C
b. DBP in cyclohexane (path length 1 cm, slide wire 050.1).
0.10004 mole/liter at 15°C
0,09409 mole/liter at 65°C
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It is apparent that the peak frequencles vary from solvent
to solvent and on the basis of the magnitude of this variation,
the solvents can be divided into three groups in the order of
increasing frequency : 1) 082 2) the fully halogenated hydro-
carbons -CClu. 04016 3) the saturated hydrocarbons-n-heptane,
cyclohexane and CClu-n-heptane mixture,

Fig. 4 shows a plot of frequency vs. temperature, Evi-
dently, peak position in all solvents should be considered to
be independent of temperature. This result may be due to
steric shielding of the -0H group by the t-~butyl group attenu-
ating or preventing temperature dependent interactions with
the solvent.

C. The Band Half-width for the First Overtone of the =0H
Stretching iiode of DBP,

The magnitudes of the band half-width for all the spectra
in different solvents at various concentrations and temperatures
were determined. As noted by Baker et al, (4) the slit width
sould be no more than 1/10 the true band half-width for the
accurate recording of band shapes. In this study, all the slit
widths in Appendix C are close to 1/10 the band half-width.

The band half-width showed no obvious trend in its variation
with concentration of DBP for any sclvent at a given temperature.
Consequently, at a constant temperature, the band half-widths
were averaged over all the concentrations of DBP for one solvent,

The results at various temperatures studied are presented
in Table 2 along with the error limits calculated at the 90 per-

cent confidence level. From the table, it is easily seen that
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the band half-width varies from solvent to solvent. The solvents
may possibly be divided into two groups. One is the saturated
hydrocarbons, c¢yclohexane, n-heptane, and the CClQ-n—heptane
mixture, and the other is the fully halogenated hydrocarbons, .
CClu. 0#016' and CSz.

Fig. 5 shows a plot of the band half-width vs. temperature
for all solvents, It appears that the band half-width increases
linearly as the temperature increases in all cases and the
variations of band half-width with temperature are quite large
(from 2.4 cm™t to 6.8 em™l)., It has been suggested (4) that
the broadening of infrared absorption bands with increasing
temperature may be caused mainly by collisional processes between
the solute and solvent molecules, since the collision frequency
increases as the temperature increases. However, for collisional
processes the difference in AEV% between the lowest and the
highest temperatures should be smaller than the values measured
here. The observed variation with temperature points to the
complicated nature of the intermolecular interactions.

D, The Molar Absorption Cofficients for the First Overtone of
the ~0H Stretching licde of DBP,

The molar abosrption coefficients in all the solutions were
calculated by using the data for peak heights and band areas
presented in Table 10 Appendix D and the Beer-Lambert Law A =

1 units or peak

alC, where A is either band area in absorbance-cm
height absorbance, a is the molar absorption coefficient, L is
the path length of the cell in cm, and C is the molar concentr-

ation., In order to determine the absorption coefficients, a
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y = mx least squares analysis on A/L vs, C was used, In that
case the most reliable values of a could be obtained (32),

The values of the absorption coefficients at various temper-
atures are presented in Tables 3 and 4, along with the error
limits at the 90 percent confidence level., The tables show tﬁat
the absorption coefficients vary conéiderably from solvent to
solvent., As would be expected, the error limits of peak height
absorption coefficients are smaller than those of the integrated
absorption coefficients, because the band areas are less precisely
determined,

It is rather surprising that the integrated absorption co-
efficients are more sensitive to the environment than the peak
height absorption coefficients. On the basis of the integrated
molar absorption coefficients the solvents may be divided into
two groups: 1) Fully halogenated hydrocarbons-CC1, , C,Cle and CS,
2) Saturated hydrocarbons-n-heptane, cyclohexane and the n-
heptane-CClu mixture.

A body of experimental evidence shows that the peak height
molar absorption coefficients of infrared absorption bands gen-
erally decrease linearly with increasing temperature (23~30).
Figures 6 and 7 present plots of absorption coefficients VS.
temperature. Due to the band areas being less precisely deter-
mined, the points on the integrated absorption coefficient plots
are more scattered., For the peak height, the absorption coeffi-
cients linearly decrease with increasing temperature for all
the solvents, This may partly be due to the decreasing force
field on a molecule caused by a greater average distance between

neighbor molecules (25) as the temperature increases., However,
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the integrated molar absorption coefficients increase with in-
creasing temperature for DBP in cyclohexane and CClu. possibly
decrease with increasing temperature for CSZ' but the change
barely exceeds the error limits, while for the other three systems
the integrated absorption ccefficients appear to be temperature

independent.

E., Values of the Relative Change in Coefficient per Degree
Change in Temperature - R.

The temperature dependence of spectral properties may be
expressed by R. One way to define R is by using the ratio of
the slope and intercept in the linear equation y = mt + b, where
y is the properties of interest (peak frequency, band half-width,
peak height and integrated molar absorption coefficients) at
temperature t, m is the slope or variation of spectral property
per degree, and b is the value of the spectral properties at
0°C. Under a least squares treatment on y = mt + b, values of
m, b, R(m/b) could be obtained. The results for R calculated

this way are in the first section of Table 5.

Another way to define and calculate R is from R = —§£%ETT*
1
where S is the spectral property of interested and S, is at the

:
lowest temperatures. The valuesof R for all solutions calculated

this way are presented in the second section of Table 5.

It is evident from the table that both R values are roughly
analogous in most cases with the deviations coming mainly from
Sl # b,

For all R values the negative sign means a decrease in the
spectral property as the temperature increases and the positive

sign indicates the reverse, Magnitudes of R less than 3.0 x 10-4



Table 5

R Values for Frequency, Half-width, Peak Height and

Integrated Absorption Coefficients.

25

- 6 3 3 3
Solvent R = m/b R,, x 10° R,., x 10 R x i3I0~ R, = IO
Vo2 Ay 292 Aoz

CClu _00914' 2.08 -1.46 00?6

CSZ 4.69 2-8? "'2.20 "1.2'“’
CuClé 3-”‘5 2.00 -1057 -0.08
n-heptarle“CCl)+ "la 55 Ll-. 03 "2. 06 0.18
mixture

Cyclohexane 0.04 h,62 -2.31 1l.61
n"heptane e 23 4-49 -2 23 0. li-l'

= 6 3 3 3
Solvent R = AS/S,AT R Xx 107 R x 10 R X 10 R x 10
I "2 aly 292 Aoz

CClL" "0.23 2.25 "‘l.""3 01?9

CSZ 3-?5 2123 -2.21 ""1014’8
Cl‘-cl6 302? 2.12 _1057 "0.25
n—heptane-CClu 1.63 3,82 -2.10 0.17
mixture

Cyclohexane 0.56 4,16 -2.36 1.91
n-heptane ~2.52 .19 =2,37 0,25
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are taken as no change with temperature., The values of R are
another illustration of the temperature variation of spectral

properties shown in earlier tables and figures.,

F. Values of Ramsay Constant, K.

There is a parameter, K, often used to crudely characterize

the profile of infrared absorption bands. K is defined by Ramsay
(15) as K = A/(a xﬁﬂ%), where A is the integrated absorption
coefficient, a is the peak height absorption coefficient, and
Ay is the band half-width, The results for K for all solutions
at various temperatures are presented in Table 6,
Apparently, K varies considerably from solvent to solvent,
therefore the -0H band of DBP may have different band cohtours
in different solvents. For one solvent K is nearly the same
at different temperatures., By comparing the experimental values
of K with the theoretical values for known band shapes, one can
characterize the shapes of the infrared absorption band. For
Gauss and Cauchy functions K is 1,06 and 1.57, respectively.
On the basis of the K values presented in Table 6, the -0H
gtretching mode in the saturated hydrocarbon solvents can be
approximately described to consist of Cauchy and Gauss components,
but for CSZ.,CQCl6 and CGl4 systems, the anomalously high val ues
of K remain an unsolved problem and may reflect some unknown
complex interactions among the solvent and solute molecules.
Later, the correlation function and moment analysis will. be

used to investigate the band profiles more completely.
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G, Correlation of Various Spectral Parameters.

Only the spectral data at 25°C are used for the correla-
tions among different spectral parameters.

In Fig. 8, the peak height molar absorption coefficient
was plotted against the band half-width, and the plot appears
to approximate linearity. ©Similar curves are obtained for the
peak height absorption coefficient and the integrated absorption
coefficients against peak frequency, as in Fig., 9. As shown in
Fig. 10, the peak frequency varies regularly with1AL%, and points
may either approximate a linear plot or else lie near a smooth
curve with a negative curvature. Fig. 11 represents the correl-
ation between the peak frequency and E;(solubility parameter)

(33); all the solvents lie nearly on a straight line,

H. Dipole Correlation Function Analysis.

The dipole correlation functions, computed from the respec-
tive absorption data, are displayed as plots of(ﬁ(t) and
logCﬁ(t) vs. time, In these calculations, only the cosine trans-
form is considered in calculatingxﬁ(t) using the equation given
in the Introduction.

The integration limits were extended out into the wings as
far as the computed correlation function, ¢>(t). gave no oscil-
lation. The oscillation observed with a relatively large inte-
gration range could be due to the accumulation of random errors
in the intensity of the wing parts of the band. Gordon (19)
and Fujiyama and Crawford (34) suggested that the(ﬁ(t) curves
become unreliable for time longer than about 1/Aw, where A w is

the experimental resolution., In this study the experimental
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1

resolution was about 3 cm —, which is equivalent to 1.8 pico-

12 second). According to Fujiyama and Crawford

seconds (10~
(34) the region of integration should be more than eight to ten
times the band half-width to have a reliable correlation func-
tion, In fact, of all thecﬁ(t) reported here just a few have
an integration range greater than eight times the band half-
width, Therefore, one aspect of the work is to study the
effect of truncation of the integration limit oncﬁ(t) and
logcﬁ(t), after non oscillatory(#(t) values have been obtained.
The calculations were done for DBP in cyclohexane at various
temperatures and integration ranges or number of points, NP, in
the integration over frequency. The results plotted in Figs.
12-1% show that decreasing the integration range will exhibit
a small effect on the form of the correlation function and the
smaller the NP difference the closer the curves as would be
expected, A careful comparision of the plots indicates that the
effect of changing NP is similar at all three temperatures,
Since the maximum integration limits for which one can get
non oscillating functions is quite different for different
solvents, there will be a small NP effect on the form ofCﬁ(t).
It is quite reasonable to make comparisions not only at the
maximum integration range or maximum number of‘ﬁp%'s but also

at the same number of AI/%'S for each solvent at a given

integration range
AV%

)o Figs. 15-17 and 18-20 represent plots of

temperature, where the number of:&V%'s equals

(NP) (0,5 cm™t)
e | AV (cmf?)

correlation function(ﬁ(t) and log qﬁ(t) decay with time at the

same number of AI/%'S and the maximum number of Al/%'s,



34



‘- 082 0°S

e e 08¢ £°9
S 0egh §°4
— 8+ 9°8

dN m.w.\ﬁd. J0 Jaqunn

DoST 3®
|sUEXsYoToAD JO safuey
uotT3eISelur JUaISIITQ I0F SuWTJ] *SA
(3) Av go1 pue ‘(3) nv ‘uotjzoung uotjzeTaaIon erodl(g

¢l TUNDIL J0 NOILVNYIdXH



35

2T eandtyg

(o@s001d) QW]

2 T

-t
—
-

I I

il ST o

(oesooT1d) eumyy

(3)P

0°T



36



L . omN w..—ﬂ

T 08¢ 0°9
i 0zh r A
T84 £°g
dN m..w.\m v JO Jaqumpy
oomm e

sueXayoToAn Jo saluey

uoT3eIFVIUI JUSISIITO JOF SwWIL °*SA

mpv@v Fo1 pue .mpv@v ‘uotjounyg uotleTsaIon aTodIqQ

€1 FTUNDHIL J0 NOIIVNVIIXT



37

€T sandta
(o@s001d) auTy

(o9s00Td) BuwtLy

(1P

0°1



38



00€
0S€
024
oS

dN

Dp55 1®

aurxayoToL) Jo saSuey

S*h
E*%
7°9
8°9

8 .M\Nd Jo Jaqumn

uoT3eIFejur JUSISIITA JOF BWTY °*SA

APVAv So1 pue .AFVAV ‘uoT3oUNg UoTIZETaII0N oTodig

#T TUNDIL 40 NOILVNVIIXH



39

#T 2In3Td

(oesoo1d) Bwryg
T

(oeso0Td) 8wty
p &




4o



ST eueXayoToAd 082 0°G

—emte ¢ Wipp-suerdey-u 00¢€ TS
—rt 0 710" 09¢ 0°s
—— 0 2 09¢ 0°S
== 0 190 oHE 0

(0g) oxn3exaduay JUBATOS qN 8.F1v ro asqumy

aanjsaoduay 3SomOT 3E

SIUBATOS AIUSISIITIQ

=1
I0F 8,T/1v JO Jaqum) sweg 9y} 3e SUWLL °*Ssa

(3)p 3ot pue *(3)¢P ‘uorroung uoyjeT2120p 2T0dIq

CT FHAHIL JO NOILVNVIIXH



41

¢1 92an314

(o9s00Td) suty

—

(99so00Td) swmIl

(2P



42



B o suejday-u 02 |4

suBXeyOTOLD 08¢ 8
-+ N15n-suerdey-u 00€ Lo
v 910" 09€ Loy
—— 2 09€ Lon
————— 100 oHe 84
FUBATOS an  s,%4v Jo zequmy
Dp5e 3®

S1USATOS JUaIaIITa
b (oo 3 m.%\ﬂd IO Jaqumy eweg oyl 3' swyl °*SA
nvvﬁv JoT pue .?:mv ‘uoTaouUNng uoIjeTaxxo) atodiq
97 JYADIA J0 NOILVNVIIXE



43

9T 8an3TJd

(o@s001d) Buwry

(o8s001d) BuwTg

0°'T



Ly



LA

=
I03 s§,T/1v JO Jequmy Sweg oY} 3B LWL °*SA

suejday-u
aUEBXaYOToAD
T100-euesdey-u
210"

100

JUBATOS

08¢

. 00€

0z€
09¢€
oHE

dN

D055 3®

S
S
S
S
S

<
S, TAav Io asqumy

SIUSATOS FUBISIITA

hvgﬁv SoT pue .A#v@v ‘uotioung uorleIaaxon eT1odIg

4T TUADIL J0 NOIIVYNVIIXH



b5

LT 2an3tyg
(o@s001d) aumiy

(9ssootd) eurty

()P

0°T



L6



-t ®

o e -

ST

sauexayoToLo

¢ Wpp-suesdsy-u

0
0

ﬁOoV sanjexaduay

21079
)
100

AUBATOS

184
8%
09¢€
0et
0S€E

dN

9°8
1°8
0°S
6°5
"%

t=4
S,V JO Jaquny

aanjeasdusd] 31SaMOT 3B

SIUBATOS JUBIaIFIQ

J03 w.m\Hd Jo Jsqump umuwixXep oyl 3e auWT °*SA

Apvaw 20T pue .hvvﬂv ‘uotjoung ucTIeTaIIOn aTodtg

8T FHADIJd 40 NOIIVNVIdXH



47

8T 8InBtTJ

(o9sooT1d) BwTryg

(o8soo1d) ewmly

(3)D

0°T



48



JoJ m,m\eq JO Jequmy umwiIxXey oYz 3B SWIJ °Sa

suejdoy-u
auBXayoTo40
f15p-auesdey-u
910"

4

100

JUBATOS

S1USATOS JUaIaIITd

D

054
8%
T84
09¢€

094
06¢E

0°8
£°g
9*4
AL}
0°9
6°%

dN mﬁwgd Jo Jsqumy

D52 3®

APV@w SoT ﬁﬁm.npu@v ‘uoTioung uotleTaII0y oTodIQ

61 TUNDII J0 NOILVNVIIXE



ko

6T aan3tyg

(o9s001d) Bauwty

_— ——— —— — —

(99s001d) suty

(3)p

0°T



50



LR ]

suejday-u
aueXayoToAD
f100-sueadsy-u
210"

100

JUBATOS

0z L9
oSt 8'9
0S4 °9
09€ S
0S¢ 94

dN m.wﬂad Jo Jaquny

D055 3®

S1UBATOS JUBILIITI(Q

J03 m.mhﬂ JO Jequmy umwixXey 8y 3e aul] °*SA

ﬁpunﬂu ZFoT pue .ﬁu.vﬁv ‘ucriounyg uorjeTsaxon ar1odIlg

02 TYADIA J0 NOILVNVIdXH



51

02 2an3Tyg

(oeso001d) amrg

e m— e e —

v — -

(o8s001d) aumryg

(3)P

0°T



52

respectively, for each solvent at the lowest temperature, 2500.
and 5500. In most cases, the Cauchy function model of exponen-
tial decay of the correlation function is not suitable for

these systems., The log qbft) curves show more clearly that
qS(t) has a slight oscillation which may be due in part to
baseline errors and the finite resolution of the instrument.
Apparently the solvents fall into two groups in decreasing decay
rate: one is cyclohexane, n-heptane, and the n-heptane-CClQ
mixture, and the other is CSz' CClu and 04016' In general, the
difference of decay rate among various solvents is more pro-
nounced in plots using a common number of AZ/%'S than in plots
using the maximum number of AZ/%'S. Carefully inspecting curves
at different temperatures shows that the temperature dependence
of the correlation function is consistent with the simple expect-
ation of easier molecular motion along with faster decay at
higher temperature,

Another more quantitative measurement of the correlation
function is the correlation time, tor defined as tc ='Iﬁ<#(t)dt
(35), so that tcsimply indicates how fast qb(t) decays to small
values. The upper limit of integration in this study is taken
to be 1.8 picosecond, All the values of tc in Table 7 were
calculated by integration of the(P(t) vs., time curve between 0
and 1.8 picoseconds using a planimeter. The table shows the
influence of solvent and number of zsv%'s on tc and also indicates
the temperature effect on toe In Fig. 21 the values of t, plotted
against band half-width, show a definite linear relation so that

the shorter the correlation time, t_, the greater the width of

c
the band,
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Figure 21 Correlation Tlme. t y ¥s. Band Half-
width at 25 C.
a, ~ame Number of Al/% s
b. Maximum Number of Al/% s

1.CCL, 2.CS, C,Clg 4.n-heptane-CCl),
mixture 5, cyclohex e 6.n-heptane
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The dipole correlation function contains considerable
information about the orientational motion of the dipole moment
along the -0H bond, The(#(t)curves for the less interacting
saturated hydrocarbon sclvents lie above those for the
fully halogenated solvents. Analogously the correlation times,
tc' for the saturated hydrocarbon sclvents are longer than those
of the more perturbing solvents. Thus one can conclude that the
DBP molecules randomize their orientation more slowly in the
saturated hydfocarbon system, while for the more perturbing
solvents interaction with DBP randomizes the DBP orientation

more rapidly.

I. ZIruncated Band Moment Analysis.,

The truncated band moments provide a g;aphical description
for quantifying differences in band profiles and for relating
unusual band shapes to different mathematical models.

The calculations of second (M2), third (M3), fourth (M%)
truncated band moment, (M4)/(M2)? = g, and (M3)b> = M3B were
done on the same data as used for calculating dipole correlation
functions. The results are presented graphically.

The graphs include the known Cauchy and Gauss functions to
help in selecting appropriate parameters for the experimental
curves,

Figs. 22-27 represent plots of M2 vs., j units for the same
number of AAU%'S and the maximum number of th%'S for all
solvents at the lowest temperature, 2500 and 55°C. Since all
the curves lie between Gauss and Cauchy functions, it is suitable

to consider that the shapes of the -0H stretching mode of DBP
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EXPLANATION OF FIGURE 22

Second Band Moment, M2(j), vs. j Units for
the Same Number of AV%'S

at Lowest Temperature

Pa Maximum j
ccL,  =e-e- 0 4.3
GS2 it 0 b,2
Caclé [ X BN B N O 4.4
n-*hep'tane—CClLP - 5 T
cyclohexane e 15 h,2

Cauchy EEATTAS

Gauss =00~



M2(j)
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3.6 |

2,8

2.4 L

Jj Units

Figure 22
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EXPLANATION OF FIGURE 23

Second Band Moment, M2(j), vs., j Units for

the Same Number of AV%'S

at 25°C
Maximum j

cCl, - h,1

ng T T R b2

64016 I EE NN Ll" 3

n—heptane-CCla ~e=.= 3.9

cyclohexane — 40
‘n~heptane - 3.8

Cauchy Ll

Gauss ——



M2(}§)

346

3.2

2.8

2.4

2.0

1.6

1.2

0.8

0.4
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1

=

3

j Units
Figure 23
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EXPLANATION OF FIGURE 24

Second Band Moment, M2(j), vs. j Units for

the Same Number of AV%'S

at 55°C
Maximum j

ceL,  =eee- 3.8
€,Clg ceses b4,
1'1-hep'l:at.ne-C}Cl,+ —.me= 3.8
cyclohexane — 3.9
n-heptane e 3.8
Cauchy A\

Gauss =00



M2(3)

3.6

2,8
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2.0
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1.2

0.8
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j Units

Figure 24



62



EXPLANATION OF FIGURE 25

Second Band Moment, M2(j), vs. j Units for

the Maximum Number of Al/%'s

CCl1,,
CS,
C,Clg
n—heptane-CClu
cyclohexane

Cauchy

Gauss

at Lowest Temperature

- g A

i Jrem 44

Cls e T

°c

W o o o

15

Maximum j
4,5

5.3
by

6.9
7.6
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EXPLANATION OF FIGURE 26

Second Band Moment, M2(j), vs. j Units for

the Maximum Number of éﬂ/%'s

at 25°C
Maximum }j

CClu L mmee- h,2
cs, i 545
04016 sssne 4,2
n-heptane-CCl, —.mem 6.5
cyclohexane —— 7e3
n-heptané —rr 6.8
Cauchy AT

Gauss -0=0=
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3.2
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2.4

M2 ()
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1.2
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0.4
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3 Iy
j Units

Figure 26
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EXPLANATION OF FIGURE 27

Second Band Moment, M2(j), vs. j Units for

Maximum Number of AV%'S

at 55°C
Maximum j

'C}Cll+ - k.0
CuClé [ I AN ) u.l
n-heptane-CClu S 5.5
cyclohexane — 6.1
n-heptane —— 5.9
Cauchy -

Gauss Qw0



3.6

3.2

2.8

2.11'

2.0

M2(3)

1.6

1.2

0.8

0.4

67

v//
.
1 1
b 5
j Units

Figure 27




68

may consist of Gauss and Cauchy components with all curves being
considerably closer to Cauchy curves than to Gauss curves,
Comparision with the curves reported by Jones (22) indicates
that all curves seem to resemble Cauchy-Gauss product functions
more than Cauchy-Gauss sum functions. -

There is a slight difference in solvent order at different
values of j and for different integration ranges. According to
the plots, the change in curves due to the different NP values is
quite large. Also all solvents definitely show a considerable
temperature dependence, It is rather surprising that the different
gsolvents exhibit quite different temperature dependences.

Figures 28-33 represent plots of M4 vs. j units for the same
number of Alz%'s and the maximum number of ﬁd/%'s for all solvents
at the lowest temperature, 25°C, and 55°C. The same phenomena
occur as did for the M2 vs. j plots. All curves lie between the
Cauchy and Gauss functions, There is a slight difference in
solvent order at different j values and for different integration
ranges. The change in the curves due to different NP values is
quite large, Also all solvents definitely show a considerable
temperature dependence. Again it is rather surprising that the
different solvents exhibit quite different temperature dependences.

As mentioned before, the departure of the value of M3 from
zero indicates band asymmetry. In this study all band shapes
in all solvents at all temperatures have non zero M3 values,

The ordering of M3 values among the solvents changes with j

value and with temperature and no general pattern can be seen,
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EXPLANATION OF FIGURE 28

Fourth Band Moment, M4(j), vs. j Units for

the Same Number of :sV%'s

at Lowest Temperature

% Maximum j
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EXPLANATION OF FIGURE 29

Fourth Band Moment, M4(j), vS. j Units for

the Same Number of AI{%'S

at 25°C
Maximum j
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EXPLANATION OF FIGURE 30

Fourth Band Moment, M4(j), vs. j Units for

the Same Number of AV%'S

at 55°C
Maximum j
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EXPLANATION OF FIGURE 31
Fourth Band Moment, M4(j), vsS. j Units for
the Maximum Number of Al/%'s

at Lowest Temperature

°c Maximum j
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EXPLANATION OF FIGURE 32

Fourth Band Moment, M4(j), vs. j Units for

the Maximum Number of &J/%'S

at 25°C
Maximum j
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EXPLANATION OF FIGURE 33

Fourth Band Moment, M4(j),vs. j Units for

the Maximum Number of ZaV%'s

at 55°C
Maximum J
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The value of M3B = (M3)b3 is dominated by the b° factor so that
M3B values tend to fall in the same order among the solvents as
do the AV% values since AV% = 2b,

In Figs. 34-39, values of B were plotted against j values.
For a Gauss curve B = 3 after j = 3.and the difference between
the experimental value of B and 3 is a representation of a
symmetric departure of the experimental bands for the Gauss
profile, All curves lie above the Cauchy curve except cyclo-
hexane at the maximum NP,

The solvent order of M2, M4, M3B is recorded in Table 8
using values of M2, M4, M3B at j = 3. The reason for chosing
J = 3 was because it represented the largest integral j value
where data will be available for all cases. In general these
solvent orders for all the spectral properties tend to separate
the solvents into a saturated hydrocarbon group and a fully

halogenated hydrocarbon plus 082 gEroup.,
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EXPLANATION OF FIGURE 34

Plots of B(j) vs. j Units for
the Same Number of AQV%'S

at Lowest Temperature

¢ Maximum j
CClq ----- 0 413
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EXPLANATION OF FIGURE 35

Plots of B(j) vs. j Units for

the Same Number of AV%'S
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EXPLANATION OF FIGURE 36
Plots of B(j) ¥s. j Units for

the Same Number of AZ/%'S

at 55°C
Maximum j
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EXPLANATION OF FIGURE 37

Plots of B(j) vs. j Units for
the Maximum Number of AI/%'S

at Lowest Temperature

% Maximum j
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EXPLANATION OF FIGURE 38

Plots of B(j) vs. j Units for

the Maximum Number of AI/%'S
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EXPLANATION OF FIGURE 39

Plots of B(j) vs. j Units for

the Maximum Number of AV%'S

CC1,

€,Clg
nwheptane-CClA
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n-heptane
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at 55°C
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IV, CONCLUSION

In summary, the results of this study indicate that all the
spectral properties: frequency, band half-width, peak height and
integrated absorption coefficients, dipole correlation function,
d)(t). and correlation time, t_, of the first overtone of the
-0H stretching mode of DBP are different from solvent to solvent.

It is evident that the solvents can be divided into two main
groups in order of increasing perturbing effect: 1) n-heptane-
CClu mixture and the saturated hydrocarbons-cyclohexane, n-
heptane and 2) CS, and the fully halogenated hydrocarbon -CClu,
CyClys

There is a linear relationship between correlation time tc
and band half-width, with the more perturbing solvent having the
faster decay rate, |

According to the trucated band moment analysis, all band
shapes more closely approach the Cauchy function than the Gauss
function and a better description of band contour might be a
Cauchy-Gauss product function. The solvent influence on truncated
band moments is less systematic than on other spectral properties.
One may obtain different solvent order at different integration
range and j unit values. There difinitely exists a truncation
effect on band shapes, For the dipole correlation function the
change is gquite small, while for the second and fourth band
moments the change is considerably larger.

The Ramsay constants, K,shown in Table 5 exhibit some

anomalous values, All phenomena discussed above indicate that
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the spectral properties of DBP could not be explained satis-
factorily by the bulk properties (dielectric constant, index of
refraction) of the solvents, It appears that some additional
mechanisms are introduced as a result of the unknown interactions,
In general, the peak height absorption coefficient, band
half-width, correlation time and baﬁd moment were more affected
by temperature variation than the peak position and band area
absorption coefficient, The peak height absorption coefficients
and correlation time, tc, decrease as temperature increase while
band half-width increases as temperature increases, The temper~
ature dependences of second and fourth truncated band moment are

more complicated.



97
Appendix A

Sources of Materialg and Methods of Purification

2,6, di-tert-butylphenol (DBP) -- Aldrich (Red Label)

Distilled under vacuum (6?00/0.4mm). The purified DBP was
stored in a desiccator over P205. The desiccator was
placed in the dry box,

Carbon tetrachloride (CClu) ~-- Fisher Certified (Spectral Grade)
Dried and stored over Linde 4A molecular sieves for at
least two days before use,

Carbon Disulfide (CSz) -~ Fisher Certified (Spectral Grade)
Distilled (44.5°C/760mm Hg). |

Hexachloro-1,3-butadiene (C,Cl,) -- Eastman (Yellow Label)
Dried and distilled from Linde 4A molecular sieves under
vacuum (50°C/1,0mm Hg).

n-Heptane: I. Fisher Certified (Spectral Grade)

Dried over Linde 4A molecular sieves for several
hours before being mixed with CClu.

II. Mallinckrodt (Spectral Grade)
Dried over Linde 4A molecular sieves for several
hours,

Cyclohexane -~ Fisher Certified (Reagent Grade)

Distilled from Linde 4A molecular sieves (79-80°C/760mm Hg).

All the materials except DBP were stored over Linde 4A molecular

sieves,
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Appendix B

Experimental Procedures

1. Instrumentation.

The Cary 14R spectrophotometer and Labconoco dry box used
have described in the Ph, D, thesis of M, A. Mesubi (32) pages
230-233,

2, Preparation of Solutions.

All glassware and syringes were soaked in alcoholic KOH
cleaning solution for at least one hour, rinsed with tap water,
distilled water and acetone. Syringes were dried in the room
but the other glassware was dried in a Fisher Scientic Co.,

20 cubicec foot, 115 volt drying oven at 110°C for several hours.

Solutions were prepared containing DBP -in six organic
solvents: carbon tetrachloride [ 8}, carbon disulfide [8],
hexachloro-1,3-butadiene [8], eyclohexane [6], carbon tetra-
chloride and n-heptane mixture [7], and n-heptane [6]. The
numbers in brackets represent the total number of different
concentrations used,

All processes of preparation and transfer were carried
out in a dry box to minimize any contamination with atmospheric
moisture. The solutions were prepared gravimetrically. The
approximate amount of DBP had been previously added to the 25
ml volumetric flask by means of a stainless steel spatula, then
an appropriate volume of solvent was added by a Kimax 10 ml
volumetric pipette in conjunction with a black propipette

delivery bulb making the volume up to about 25 ml with several
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additions of solvent, The exact weights of DBP and solvents were
determined on a Mettler Type H6, single beam balance weighing
to a tenth of a milligram with a maximum capacity of 160 grams.
The solutions were poured directly into the cells from the
flasks, The cells were filled to a.level just above the bottom
of the cell neck in order to leave space for expansion upon
heating., These manipulations were done in the dry box. The
solutions were run within 6 hours of their preparation to
minimize solvent evaporation.,

3. Density Approximation.

It is suggested (36) that molarity is the most appropriate
concentration scale to use for the IR study. Using the density
of the solutions at various temperatures the concentrations
could be expressed in molarity units.

Density was determined at 25°C for all solutions. This was
- done using 10 ml pycnometers (Fisher Scientiec, St. Louis,
Missouri), a Mettler H6 balance and a Sargent constant tempera-
ture bath (E. H. Sargent Co.). The pycnometers were calibrated
using distilled water and hand book (37) values for the density
of water, Since it was not practical to measure solution densi-
ties at all temperatures, and approximation method was used
employing the relation

dy (solution) = (x'dt)solvent + (x-dt)DBP (1)
where dt is density in g/ml at tOC. and x is the mole fraction,

Since the mole fraction of DBP was relatively small, the effect

of the variation of the density of DBP with temperature was small



100

compared to that of the solvent, Therefore it was assumed that
the density of solution had approximately the same temperature
dependence as the solvent density. The density of the solvent
was evaluated from a graph of density (38) vs. temperature,
except for hexachloro-l,3~butadiene where density data from the
Ph, D, thesis of M. A, Mesubi was used (32).

For the DBP in CClu. GSZ' 04016' and cyclohexane systems,

were

values of szOC(solution). d25oc(solvent). and Xsolvent

known .and (x°dt)DBP at 25°C was calculated from equation (1).
Then the density of the solution at other temperatures was
obtained from (1) in the form

dy(solution) = (xed ) 1vent ¥ (x4, 500)ppp (2)

where t was the desired temperature and theralue of dt(solvent)
was from the graph of solvent density vs. temperature. For the
n-heptane-CCl4 mixture and n-heptane, the density of the solution
at temperatures other than 25°C was obtained directly from

dt(solvent) (3)
d25oc(solvenﬁ7

dt(solution) = dzsoc(solution) X

For the nvheptane—C014 mixture, densities of the mixture,
n-heptane, and CCl, at 25°C were known, Using (1) in the form

dt(solution) = (x-d + (xed

t)n-heptane t)CClu (%)
with t = 25°C leads to the mole fractions, x, for n-heptane

and CCl, (0.735 and 0.265, respectively). Then use of these mole
fractions and densities for n-heptane and CClu at any desired t
gives dt(solution) from (4), This dt(solution) then becomes
dt(solvent) in (3) for treating the ternary system of DBP in the

n—heptane-CClu mixture,
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After all densities of solutions at different temperatures
were obtained, molar concentrations of DBP were calculated from

mass of DBP x 1000 x d(solution) (5)
total mass of solution x Mol. wt, DBP

Conc, (moles/liter) =

4, Spectra Recording.

The spectra were obtained on a Cary 1l4R double beam spectro-
photometer. For the DBP in CG14. 04616' and CS2 systems the
solutions were scanned in 1 em and 2 cm infrared grade quartz
cells by using a 0—1.0 absorbance slide wire, while for the DBP
in n~heptane, n-heptane-C014 mixture, and cyclohexane systems
the solutions were scanned in 0,) em cells by using a 0—0,1
absorbance slide wire,

Before recording the sample solutions, both the reference
and the sample cells were filled with the solvent to obtain the
base line. The baseline was shown to be temperature independent
by experimental work, therefore for each solution, the baseline
was determined only at 2500. The solvent in the sample cell was
replaced with the sample solution and scanned against the solvent
in the reference beam,

The solutions were recorded at several different tempera-
tures., Both sample and reference cells were temperature
regulated with a Haake Type F circulating constant temperature
bath which was coupled with a Poly Science Corp. Model KR=-30
refrigerated chiller. The temperature changing required a 20
minute eguilibrating period,

The solutions were scanned initially at 25°C with successive

runs being made at first the higher temperatures and then the
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lower temperatures. The second run at 25°C was done to observe
any loss of material during the higher temperature runs.
Usually there was no serious difference between the spectra

at 25°C in both runs,

The slit width control of the Cary 14R instrument was set
at 15. The details of computing the spectral slit width are
given later.

The spectra were recorded at a scan speed of 2.5A/sec.
and chart speed of 1 in/min. for all solutions at all desired
temperatures, Spectra for dipole correlation and band moment
analysis should be recorded with the frequency scale greatly
expanded., These spectra were scanned at.the lowest scan rate
of 0.5 A/sec. and the fastest chart speed of 5 in/min. at 25°C,
55°C, and the lowest temperature for one concentration in each
gset of solutions for a given solvent.

5. Spectral Slit Width Calculation.

The slit opening should be narrowed sufficiently to avoid
distortions of the band shapes and still give a high signal to
noise ratio. The formula for ecalculating the spectral slit
width of Cary 14R is provided in the manual as follows

SSW (em™) =W « D+ C + L
where W = monochromator mechanical slit width (mm) that was
recorded at known frequencies, D = recipocal dispersion of the
monochromator in cm'l/mm. C = slit curvature mismatch in cm'l,
L = Rayleigh diffration 1imit in em™t, The values of D and

C + L were supplied by G. D. Johnson (39). SSW was computed for

all solutions, the results are recorded in Appendix C.
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6, Peak Intensity Measurements.

The bands were recorded directly in absorbance., The base-
lines for the spectra were determined by matching up the recorded
baseline to the far wings of the appropriate band. The spectral
region covered was short enough that the error due to the non-
linearity of the frequency with wavelength was not noticeable
(32), so that the absorbance vs., wavelength data recorded did
not need to be replotted as absorbance ¥s, wave number to measure
the area.

| The band area was measured with a planimeter., Three deter-
minations were made and gave reproducible results of the order
of 0,005 planimeter unit. The planimeter was calibrated in terms
of an absorbance cm™> unit, All the mean areas in planimeter

1 units.,

units were converted into absorbance cm”
For dipole correlation function and truncated moment
analysis, the band contours were carefully recorded and atten-
tion given to carrying the measurements sufficiently far into
the wings of the band,
The recorded spectra were digitized in absorbance vs,

wavenumber in steps of 0.5 em™t

over the integration region.

The numerical analysis was performed on an IBM 360/50 computer
using the programs obtained from R. N. Jones (18). The correl-
ation functions were always first computed to make sure that

C# (t) did not oscillate and run in steps of 0.02 x 10~1% second
(0,02 picoseconds) time intervals for a total of 6 x 10™1%
geconds (6.0 picoseconds). The moments were run on the same data

as the correlation functions and in steps of 0.1 J unit (1 j unit

= 1 semi band half-width in cm'l).
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Appendix C

Tables of Spectral S1it Width Measurements

Table 9

Spectral S1it Width from Mechanical S1it Width on Spectra of DBP

SS = WD + K
-1 -1
um D (cm ~/mm) K (cm
1.3 21l l.2
l-L,’ 1709 lal

1.5 15.4 1,0
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Table 9
Conec, of
?Ep25jc i Spectral S1it Width (cm’l) at 1%
(Mole -
liter) 55 45 35 25 10 0 5
ceyy,
1.3 2,593 2,593 2.593 2.593 2.593 2.593 2.593
0,06365 i.4 2,890 2,944 2,890 2,980 2,980 2,980 2,980
1.5 2.386 2,371 2.371 2.355 2,386 2.371 2,386
143 2572 2:572 2.572 24572 2.572 2.597 2.597
0.09975 l.4 2,980 2,980 2,926 2,888 2,980 2,980 2,997
1.5 2,386 2,386 2,355 2,355 2.524 2,386 2,386
le3 2,635 2,614 2,614 2,635 2.635 2.593 2.593
0.10835 l.4 3,013 3.013 3.013 3.033 3.033 3,013 2,980
1.5 2,401 2.386 2.386 2,401 2.386 2.386 2,386
0,11462 1.4 3,051 3.033 3.033 3.033 3.069 3.069 3.033
1,5 2,401 2,386 2,386 2,371 2,401 2,401 2,386
1.3 2.635 2,635 2,614 2,635 2,593 2.593 2.593
0.15262 1.4 3,069 3.033 3.033 3.069 3.033 2,980 3.033
1.5 2,401 2,401 2,386 2,417 2,401 2,401 2.401
1.3 2,597 2,597 2,572 2.550 2.597 2.597 2.550
0,23819 l.4 2,890 2,890 2,980 2,890 2.890 2,872 2,890
l.5 2,386 2.386 2,355 2,355 2.386 2.386 2.386
1.3 2.550 2.550 2,529 2,508 2,550 2.550 2,593
0.30143 l.4 2.890 2,890 2,890 2,890 2,890 2,890 2,980
1.5 2.324 2,355 2,309 2.294% 2,355 2.355 2,309
1.3 2.593 2,614 2,593 2,593 2,550 2.572 2.572
0.32062 1.4 2.980 2,980 2,980 2,980 2,980 2,980 3,069
1.5 2.386 2,371 2.386 2,386 2,355 2,371

2+355
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Table 9
Conc, of
%$P25;C n Spectral Slit Width (em™) at t°C
Mole
liter 25 15 10 0 =5
1.3 2,867 2,783 2.804 2,804 2,846
0,08384 1.4 3,035 3,035 3.035 3.035 3,051
1.5 24617 2571 24555 2+555 24555
13 2.877 2.877 2.877 2,877 2,877
0.,08943 1.4 2,984 2,944 2,944 2,944 2,944
145 2.,463 2,478 2,509 2.493 2,493
1.3 2,761 2,783 2,761 2,761 2,761
0,09963 1.4 3.035 3,035 3.015 3.035 3,015
1.5 2,571 2.571 2,555 2.555 2,540
s 2,677 2.719 2.719 2,698 2,719
1.5 2,463 2,494 2,509 2,509 2,540
1'3 2-6?7 2067? 2-677 206?7 2.6?7
0.14333 1.4 3,035 2,926 2,890 2,890 2,890
1.5 2,478 2,494 2,478 2,478 2,478
1.3 2,677 2,698 2,677 2,677 2.677
0.17756 1.4 2,890 2,980 2,908 2,890 3,069
1:5 2,448 2,494 2,509 2,478 2,509
1.3 2,677 2,677 2,677 2.698 2,698
0.28293 1.4 2,890 2,926 2,926 2,926 2,926
145 2,494 2,509 2,494 2,509 2.509
1.3 2.804 2,825 2,825 2,783 2,804
0.28432 1.4 3,069 3,051 3.051 3,033 3.033

1.5 2.540 2,555 2.617 2,586 2,555
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Table 9
Conc. of
DBP - o
?ﬁ fS;C am Spectral S1it Width (em 1) at t°C
clLe B -
liter) 55 45 35 25 10 0 5
1.3 2,719 2,719 2,719 2,698 2,719 2.719 2,740
0.,07393 1.4  3.033 3,069 3.033 3.069 3.069 3,033 3.069
1.5 2,540 2,509 2.540 2,509 2,540 2,540 2,540
1.3 2,677 2.677 2,656 2,698 2,677 2,677 2,719
0,10800 1.4 2,962 2.944 2,944 3,015 3,069 2.944 2,944
1.5 2,478 2,509 2,494 2,509 2,494 2,494 2,478
1.3 2,719 2.719 2,719 2,698 2,719 2,719 2,740
0.108138 1.4 3,033 3,069 3,033 3,069 3,069 3.033 3,069
1.5 2,540 2,509 2.540 2,509 2,540 2,540 2,540
1.3 2,740 2,740 2,698 2,698 2,656 2,677 2,698
0,14997 1.4 3.033 3.051 3.033 3.015 2,944 3,033 3.069
1.5 2.540 2,494 2,509 2,478 2,525 2.478 2,509
1.3 2,698 2,677 2.677 2,719 2,698 2,698 2,719
0,16017 1.4 2,997 3,015 2,997 2.997 2.997 2.997 3.015
1.5 2,494 2,494 2,555 2,525 2,509 2,555 2,509
1.3 2,740 2.740 2,740 2,719 2.677 2,677 2.698
0.24725 1.4  3.159 3.087 3.159 3.159 3.069 3.015 3.015
1.5 2.540 2,540 2,540 2,540 2,509 2,509 2,509
1.3 2.846 2,740 2,719 2,719 2,740 2,740 2,740
0.25587 1.4 3.123 3.033 3.033 3.069 3.069 3,069 3.069
le5 2.571 2.571 2,540 2,555 2.555 2.555 2,571
1.3 2.804 2,761 2,761 2,740 2,698 2,698 2,719
0.28858 1.4 3.069 3.159 3.069 3,123 3,069 3,033 3,069
1.5 2,555 2,540 2,540 2,740 2,525 2.540 2,540
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Table 9
Conc. of
22P25°c - Spectral S1it Width (em™}) at t°C
(Mole/
1iter) 65 55 45 35 25 15 5
n-Heptane
-CCl,
1.3 2,740 2,740 2,719 2,719 2,698 2,719 2.719
0.,05711 1.4 3,159 3.176 3,141 3,123 3.123 3,141 3,141
1e5 24555 24555 2,571 2,540 2,540 2,540 2,540
1.3 2,804 2,783 2,761 2,740 2,740 2,783 2,783
0,09740 l.4 3.230 3.212 3,194 3,176 3.159 3.212 3,212
1.5 2,586 2,571 2,571 2,555 2,555 2,632 2,571
13 2,719 2,677 2,677 2,677 2.719 2.719 2.698
0,14730 l.4 3.105 3,087 3.069 3.069 3,159 3,105 3,087
1.5 2,540 2,509 2,494 2,555 2,540 2,540 2,509
1.3  2.804 2,783 2,761 2,761 2,719 2,740 2,719
0.20660 1.4 3.248 3,230 3.212 3.,194% 3,015 3,19% 3,194
1.5 2,602 2,602 2.571 2.571 2.555 2.555 2.555
1.3 2.825 2,804 2,804 2,761 2,740 2,719 2.719
0,23967 1.4 3.230 3.230 3.212 3,176 3,159 3,087 3.105
1.5 2,586 2,617 2,571 2,555 2.555 2.540 2.540
1.3 2,804 2,804 2,761 2,761 2,761 2,761 2,761
0.26875 1.4 3,230 3,051 3,212 3,212 3.212 3,248 3,033
1.5 2,586 2.586 2,571 2.586 2.571 2,586 2.571
1.3 2,719 2.698 2,677 2,677 2,719 2.719 2.71.9
0.32156 l.4 3.123 3,087 3.087 3,087 3.105 3.123 3,123
1.5 2.555 2,509 2,540 2,509 2,540 2,540 2.540
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Table 9
Conc, of
‘?5P25;C o Spectral Slit Width (em™t) at t°C
Mole
e 65 55 45 35 25 15
Cyclohexane
1.3 2,846 2,804 2,825 2,846 2.846 2,867
0.04708 L4 3,266 3.248 3,248 3,248 3,266 3,302
1.5 2,632 2,617 2,617 2.617 2.617 2.648
1,3 2.888 2,888 2.867 2.846 2,846 2.867
0,09886 1.4 3,302 3.28% 3,266 3.284 3.266 3.284
1.5 2,663 2,663 2,648 2.648 2,648 2.663
. 1,3  2.846 2.783 2,804 2.825 2,846 2.867
0.14846 1.4 3,248 3,230 3.248 3,248 3,248 3,266
1.5 2,632 2,617 2.586 2,617 2.586 2,648
1.3 2.888 2,888 2,888 2,867 2.867 2,846
0.19378 Lo 30338 3.302 3,266 3.266 3.248 3,248
1.5 2.663 2.613 2.648 2,632 2.617 2.586
1.3 2,909 2.888 2.888 2,888 2.888 2,888
0.24559 1.4 3.391 3.373 3.355 3.338 3.320 3,373
1.5 2,709 2,694 2,694 2,679 2,694 2,725
1.3 2,825 2.804 2,783 2.761 2,740 2,846
0,28663 1.4 3,248 3,248 3.230 3,212 3.194% 3,248
1.5 2,586 2,617 2,586 2,571 2.571 2.617
1.3 2.888 2,888 2,867 2,888 2.888 2.867
0.31859 1.b 3.320 3.302 3.284 3,266 3.302 3.284
1.5 2,679 2.663 2,663 2,694 2.69% 2,679



110

Table 9
Conc, of
DBP -1 =
at 25°C Jam Spectral Slit Width (cm —) at t°C
e 65 55 45 35 25 15
n-Heptane
1«3 2480 2.9 B8 292 RS2 2,72
0,09208 l.4 3,21 3.19 3,18 3,14 3,16 3.16
La5 2459 2,57 2,56 2.56 2.56 2,56
1.3 2.80 2,76 2,74 2,72 2.72 2.7
0.15327 1.4 3.23 3,19 3,18 3,12 3.12 3.21
1.5 2.62 2,57 2.56 2,54 2.59 2.59
1.3 2,726 2,76 2,74 2,72 2,70 2,70
0,19928 1.4 3,21 3,18 3,16 3,16 3.12 3.21
Le5 2,57 2,59 2,56 2,56 2,54 2,59
1.9 2,7 B.92 2,72 B9 2.9 B.,%2
0.24353 l.4 3,16 3.16 3,16 3.14 3,12 3,12
1e5 2,56 2.56 2,56 2,56 2.56 2,56
1e3 2.78 2,74 2,72 2472 2,72 2.72
0,29027 1.4  3.19 3,16 3,14 3,10 3,10 3,07
1-5 2056 2.56 2.56 2.5’4’ 2-54 2356
1.3 2,76 2,76 2,74 2,72 2,70 2.74
0.31819 l.4 3.14 3,21 3.18 3.14 3,10 3,18
1.5 2.57 2,62 2,56 2,54 2,51 2,57
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Table of Results for Least Squares Analyses of

Appendix E

Spectral Property vg. Temperature

Table 11
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Results for the Constants, m and b, and the Correlation
Coefficient, R, in some Least Squares Analysis of spectral

Property, ¥y, vs. Temperature (°C), t, iny = mt + b,

Error Limits at the 90 Percent Confidence Level.

Solvent

m

Frequency vs. temperature

CClu
04C16
CS,

n-heptane-
CClu mixture

cyclohexane

n-heptane

(=6.697
( 2.456
( 3.333
( 1.107
( 2.857
(-8.762

Band Half-width

CClu
C4C16
CS2

n-heptane-
CClu mixture

cyclohexane

n-heptane

( 7.057
( 7.197
( 1.029
( 1.161
( 1,196
( 1.126

+ 13.290) x 1077

+ 0.501) x 1072

2

+ 4,277) x 10°

I
2

+ 0.948) x 107

+123.33 ) x 1074

+ 21,121) x 10 7

vs. temperature

+ 0.716) x 1072

+ 0.808) x 10~2

0.359) x 10
0,081) x 10

-1

1+

-1

1+

0.220) x 10+

I+

0.252) x 1071

I+

7121.7
7116.3
7108,9
7127.4
7128.2
7131.8

33.9
3549
35.9
28,8
25.9
25.1

+

+

1+

14

1+ 4+ 14+ 1+ 14

I+

0.l
0.2
0.6
0.4
0.5
0.9

0.2
0.3
0.5

0.3
1.0

1.1

-0.3903
0.9759
0.7313
0.7604
0,1260

-0.3361

0.9937
0.9923
0.9686
0.9970
0,9855
0.9786
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Table 11

Solvent m b R
Peak Height Absorption Coefficient vs. temperature
cc1, (-3.500 + 0,147) x 1077 2,405 + 0,005 -0,9989
0.197) x 1072  2.271
0.439) x 1072 2,257
géingiigﬁre (-5.180 + 0.438) x 1072 2,519
cyclohexane (-6.,285 + 0.819) x 107> 2,724

0.006 =-0,9981

t+
t+

C#Clé (=3.561

CS, (=4.957 0,006 =0,9979

I+
i+

0.018 =0.9956

P+
1+

1+

0,036 =0,9926

n-heptane  (-6.003 + 0,382) x 1077 2,691 + 0.017 =0.9982

14

Integrated Absorption Coefficient vs. temperature

ooy, ( 1,062 + 0.710) x 107  139,1 + 2,2 0,8030
0,81, (-1.061 + 4,028) x 107°  139.8 + 1.3  =0,2309
gs, (-1.807 + 2,006) x 1071 146.0 £ 2,8 =0.7743
ggﬁngiiiare ((1.846 + 3.966) x 107°  100.1 + 1.6  0,3868
cyclohexane ( 1.510 + 1,007) x 10~1 93.9 * 4.4 0.8477
n-heptane  ( 1.384 + 2.846) x 107> 96,0 + 1.2 0.4598



Appendix F

Tables of Results for M3 and M3B at Selected j Values
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Table 12
A. For the Same Number of AJ/%'S (all entries are negative)
o] M3 -

Solvent C = 3,0 j = 3.8 § = 3.0 j = 3.8
CCln 0 0.612 0.966 2947 L650
CS2 0 0.269 0.428 1401 2226
C,Clg 0 0.399 0.626 2180 3420
n-heptane-

0014 - — 5 0,407 0.672 1490 2463
cyclohexane 15 0.454 0.600 1238 1634
CClq 25 0.584 0.931 3183 5075
052 25 0.407 0.691 2532 4293
04C16 25 0.454 0,691 2792 L2573
SETZ"IE?QEQM 25 0.505 0.827 2103 3440
cyclohexane 25 0,341 0,323 1033 978
n-heptane 25 0,458 0.873 1352 2577
0014 55 0.609 1,085 3863 6886
04016 55 0.490 0.803 3405 5578

" ane-

gClZpgzgiure 55 0.627 0.972 3525 5463
cyclohexane 55 0.297 0.363 1256 1536
n-heptane 55 0,653 1,165 2378 42138
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Table 12

B. For the Maximum Number of ad/%'s (all entries are negative)

o M3 M3B

Solvent C j= 3.0 5= 4,0 j = 3.0 5= 4.0
0014 0 0.650 1.173 3117 5627
CSE 0 0.279 0.526 1480 2796
04016 0 0.399 0,626 2180 3420
n-heptane-

CCl,, mixture 5 0,521 1.287 2029 5016
cyclohexane 15 0.541 0,952 1565 2755
cCl,, 25 0.603 1.091 3305 5975
C5, 25 0.423 0,875 2715 5617
€, 01 25 0. L5k 0,691 2792 4253
n-heptane~

€Cl, mixture 25 0.606 1.562 2784 7174
cyclohexane 25 0,473 0.831 1557 2735
n-heptane . 25 0.609 1.711 1962 5514
CClu 55 0,587 1.131 3731 7194
C&Clé a5 0.490 0.803 3405 5578
n-=heptane-

CCL, mixture 55 0.664 1.206 4033 7321,
cyclohexane 55 0,408 0.914 1813 4059

n-heptane 55 0.820 2,015 3249 7989
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A systematic study on the. first overtone of the ~0H
stretching mode of 2,6-di-tert-butylphenol (DBP) in different
solvents at different temperatures is initiated to assess the
effect of solvent and temperature on the band position, intensity,
and shape of a single chromophore, |

The results indicate that all the spectral properties (peak
frequency, band half-width, peak height and integrated absorption
coefficients, dipole correlation function, correlation time and
truncated band moments) vary from solvent to solvent, The
solvents can be divided into two main groups in order of increas-
ing perturbing effect: 1) n—heptane—001u mixture and the satur-
ated hydrocarbons - cyclohexane, n-heptane and 2) CSzzand the
fully halogenated hydrocarbon - CClu. 04016‘

Careful inspection of band shapes with dipole correlation
function and band moment analyses reveals that all curves seem
to resemble Cauchy-CGauss product function.and that DBP molecules
randomize their orientation more slowly in the saturated hydro-
carbon solvents,

Evidently, the peak height absorption coefficient, band
half-width, correlation time, and band moments are temperature
dependent, while peak position and band area absorption
coefficient are temperature independent or nearly so.

It is concluded that the spectral properties of DBP in
solution can not be explained satisfactorily only by the bulk
properties of the solvent; some additional unknown interactions

must be present,



