




























































































































































































































TABLE 4. 8( Continued) 96 

I Assignment 

). (nm x 10) v(cm-1) 

vw .3006 .3.3 265 2965 0,7 + 9 + 10 

w 3015 .3.3 170 3060 0,7 + 2 x 10 

vw .3019 sh 3.3 125 .3105 0,2 x 10 + 11 + 12 

vw .3029 sh .3.3 015 .3215 0,9 + 2 x 10 + 12 ; 

0 ,4 + 10 

m .3032 32 985 3245 0,2 x 7 + 10 

w .3037 .32 925 .3305 0,3 x 10 + 12 

vw 3043 32 860 3370 0,2 x 7 + 12 + 31 

w 3047 32 820 3410 0,3 x 10 + 32 

w 3053 32 755 3475 0,3 x 7 

w .3056 sh 32 720 3510 0,7 + 2 x 10 + 12 

vw 3063 sh 32 650 3580 0,7 + 2 x 10 + .32 

w 3072 32 550 3680 0,7 + 2 x 10 + 31 

o,6 + 2 x 7 

vw 3077 32 500 3730 0,2 x 7 + 10 + 12 

vw 3080 .32 465 3765 0,3 x 10 + 2 x 12 

vw 3091 32 350 3880 0,4 x 10 

vw 3106 32 195 4035 0,7 + 3 x 10 

vw 3119 32 060 4170 0,7 + 2 x 10 + 11 + 12 

0,4 + 2 x 10 

vw 312.3 .32 020 4210 0,2 x 7 + 2 x 10 

vw 3128 .31 970 4260 o,4 x lo + 12 

vw 3140 31 845 4.385 0,4 x 10 + 32 



TABLE 4. 8 (Continued) 
97 

I P52sit1on AV(cm-1) Assignment 

.A(nm x 10) v(cm-1 ) 

vw 3144 31 80.5 4425 0,3 x 7 + 10 

vw 3162 31 62.5 460.5 0,7 + 3 x 10 + 12 

vw 3183 31 41.5 4815 0, 5 x 10 

vw 3225 31 005 5225 0, 2 x 7 + 3 x 10 

a 
Intensities uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very. 

bsh= shoulder. 



Figure 4.9 

F'luorescence of 10-4 M para-monodeuterated benzon1tr1le 

in polycrystalline cyclohexane at 770K. 
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TABLE 4.9 

Vibrational Analysis of Fluorescence of p-D-C6H4CN in 

Polycrystalline Cyclohexane at 77°K 

rs PQs1t2i.on av(cm-1) Assignment 

A(nm x 10) v(cm-1) 

vw 2769 36 115 0 0,0 

w 2805 35 655 460 0,12 

vw 2811 35 575 540 O,J2 

.VW 2817 35 500 615 O,Jl 

vw 2827 35 370 745 0,11 

vw 2842 shb 35 185 930 0,2 x 12 

s 2847 35 125 990 0,10 

w 2850 sh 35 090 1025 0,9 

w 2854 sh 35 040 1075 0,12 + 31 

s 2864 34 915 1200 0,7 

w 2866 sh 34 890 1225 0,11 + 12 

w 2871 sh 34 830 1285 0,11 + 32 

vw 2880 sh 34 720 1395 0,11 + 31;3 x 12 

m 2885 34 660 1455 0,10 + 12 

w 2889 sh 34 615 1500 o,6 ; 0,9 + 12 

w 2892 34 580 1535 0,10 + 32 

w 2898 34 505 1610 0,10 + 31 

m 2902 34 460 1655 0,7 + 12 

w 2904 34 435 1680 0,11 + 2 x 12 

99 



TABLE 4.9(Cont1nued) 100 

I P2s1t1on 4i\/(cm-1 ) Assignment 

A Cnm x 10) v(cm-1) 

w 2909 sh 34 375 1740 0,7 + .32 

w 2917 J4 280 18.35 0,7 + .31 

w 2925 34 190 1925 0,10 + 2 x 12 

m 2930 34 1.30 1985 0,2 x 10 

w 29.34 sh 34 085 2030 0,9 + 10 

w 29.38 J4 0.35 2080 0,10 + 12 + 31 

w 2948 3.3 920 2195 0,7 + 10 

w 29.53 sh 33 865 2250 0,7 + 9 ; 0,4 

w 29.57 sh 33 820 2295 0 t 7 + 12 + 31 

s 2969 33 680 2435 0,2 x 7 ;0,2 x 10 + 12 

m 2972 sh 33 645 2470 0,9 + 10 + 12 

w 2977 sh 33 590 2525 0,2 x 10 + 32 

vw 2984 33 .510 2605 0,2 x 10 + Jl 
s 2989 33 4.5.5 2660 0,7 + 10 + 12 

m 2991 · 33 435 2680 0,10 + 11 + 2 x 12 

w 2994 sh 33 400 2715 0,7 + 10 + 32 

w 3004 33 290 282.5 0, 7 + 10 + 31 

w 3010 33 225 2890 0,2 x 7 + 12 0,2 x 10 

+ 2 x 12 

w 301.5 33 170 2945 0,3 x 10 

w 3018 sh 33 130 2985 0,9 + 2 x 10 

vw 3025 33 055 3060 0,2 x 10 + 12 + Jl 
w J0.37 32 925 .3190 0,7 + 2 x 10 
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TABLE 4.9(Cont1nued) 

Position 

A(nm x 10) v(cm-1) 

3043 

3047 sh 

3056 

3061 sh 

3073 

3080 

3086 sh 

3103 

3107 

.31.30 

.31.37 

3150 

3156 

3164 

3175 

3199 

3211 

3224 

32 860 

32 820 

32 720 

32 670 

32 540 

32 470 

32 405 

.32 225 

32 180 

Jl 950 

31 880 

31 745 

Jl 685 

31 565 

31 495 

31 260 

31 14.5 

Jl 015 

3255 

3295 

3395 

344.5 

3575 

3645 

3710 

3890 

393.5 

4165 

4235 

4370 

4430 

4550 

4620 

4855 

4970 

.5100 

101 

Assignment 

0,7 + 9 + 10 ;0,4 + 10 

0,7 + 10 + 12 + 31 

0,2 x 7 + 10 

0,3 x 10 + 12 

0,3 x 10 + 31 

0,3 x 7 ;0,7 + 2 x 10 

+ 12 

0,7 + 2 x 10 + 32 

0,3 x 10 + 2 x 12 

0,2 x 7 + 10 + 12 

o,4 x 10 

0,7 + 2 x 10 

0,7 + 9 + 2 x 10 

0,4 + 2 x 10 

0,2 x 7 + 2 x 10 

0,4 x 10 + 12 

0,3 x 7 + 10 

0,7 + J x 10 + 12 

o,4 x io + 2 x i2 

0,5 x 10 

0 '7 + 4 x 10 

aintens1t1es uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very 

b sh= shoulder 



Figure 4.10 

Fluorescence of 10-4 M meta-monodeuterated benzonitrile 

in polycrystalline cyclohexane at 77°K. 
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TABLE 4.10 

Vibrational Analysis of Fluorescence of m-D-C6H4CN 1n 

Polycrystalline Cyclohexane at 77°K 

Pos~t1on AV(cm-1) Assignment 

A(nm x 10) v(cm-1) 

2770 36 100 0 0,0 

2805 35 650 450 0.12 

2811 35 575 525 0.32 

2818 35 485 615 0,31 

2830 35 335 765 0,11 

2843 shb 35 175 925 0.2 JC 12 

2849 35 100 1000 0.10 

2851 sh 35 075 1025 0,9 

2855 sh 35 025 1075 0,12 + 31 

2865 34 905 1195 0,7 

2871 sh 34 8JO 1270 0,11 + 32 

2876 sh 34 770 1330 0,3 x 12 

2881 34 710 1390 0.11 + 31 

2887 J4 640 1460 0,10 + 12 ;0,9 + 12 

2890 sh J4 600 1500 0,6 

2894 34 555 1545 0,10 + 32 
2900 sh J4 485 1615 0,10 + 31 

2903 34 445 1655 0.7 + 12 

2910 34 365 17.35 0,7 + 32 



TABLE 4.10(Cont1nued) 
104 

I PosltlQn .AV(cm-1) Assignment 

>. (nm x 10) v(cm-1) 

w 2919 34 260 1840 0,7 + 31 

w 2927 34 165 1935 0,10 + 2 x 12 

m 2934 34 085 2015 0,2 x 10 

m 2937 34 050 2050 0,9 + 10 

w 2940 sh 34 015 2085 0,10 + 12 + 31 

s 2950 33 900 2200 0,7 + 10 

s 2953 33 865 2235 0,7 + 9 ;0,4 

m 2957 sh 33 820 2280 0,7 + 12 + 31 

s 2966 33 715 2385 0,2 x 7 

m 2973 33 635 2465 0,2 x 10 + 12 

w 2977 sh 33 590 2510 o,6 + 10 

w 2981 33 545 2555 0,2 x 10 + 32 

w 2987 sh 33 480 2620 0,2 x 10 + 31 

m 2991 33 435 2665 0,7 + 10 + 12 

w 2998 sh 33 355 2745 0,7 + 10 + 32 

m 3006 33 265 2835 0,7 + 10 + 31 

0,2 x 7 + 12 

w 3014 33 180 2920 0,2 x 10 + 2 x 12 

w 3022 33 090 3010 0,3 x 10 
w 3026 33 045 3055 0,9 + 2 x 10 
w JOJO sh 33 005 3095 0,2 x 10 + 12 + 31 
m 3040 32 895 3205 0,7 + 2 x 10 
m 3045 32 840 3260 0,7 + 9 + 10 ;0,4 + 10 



TABLE 4.10(Con~1nued} 105 

I PQs1t1on 6V(cm-l) Assignment 

A(nm x 10) v(cm-1 > 

w 3048 sh 32 810 3290 0,7 + 10 + 12 + 31 

m 3057 32 710 3390 0,2 x 7 + 10 

m J062 32 660 3440 0,3 x 10 + 12 

w 3075 32 520 3580 0,3 x 7 

w 3083 32 435 3665 0,7 + 2 x 10 + 12 

w 3088 32 385 3715 0,7 + 2 x 10 + 32 

w 3099 32 270 3830 0,7 + 2 x 10 + 31 

w 3105 32 205 3895 0,3 x 10 + 2 x 12 

w 3114 32 115 3985 0,4 x 10 

w 3121 32 040 4060 0,3 x 10 + 12 + 31 

w 3134 31 910 4190 0,7 + 3 x 10 

w 314o 31 845 4255 0,7 + 9 + 2 x 10 

0,4 + 2 x 10 

vw 3152 31 725 4375 0,2 x 7 + 2 x 10 

vw 3159 31 655 4445 o,4 x 10 + 12 

vw 3171 31 535 4565 0,3 x 7 + 12 

vw 3179 31 455 4645 0,7 + 3 x 10 + 12 

vw 3199 31 260 4840 0,4 x 10 + 2 x 12 

vw 3213 31 125 49?5 0,5 x 10 

vw 3222 31 035 5065 0,4 x 10 + 12 + Jl 
vw 3229 JO 970 5130 0,7 + 4 x 10 
vw 3241 JO 855 5245 0,? + 9 + 3 x 10 

o,4 + J x 10 



Figure 4.11 

Fluorescence of 10-4 M ortho-monodeuterated benzonitrile 

in polycrystalline cyclohexane at 770K. 
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TABLE 4.11 

Vibrational Analysis of Fluorescence of o-D-C6H4CN 1n 

Polycrystalline Cyclohexane at 77°K 

PQsiti:on 4'11(cm-l) Assignment 

). <run x iol v(cm-1) 

2769 36 115 0 0,0 

2804 35 660 455 0,12 

2810 35 585 530 0,32 

2817 35 500 615 0,31 

2829 35 .350 765 0,11 

2842 shb 35 185 930 0,2 x 12 

2847 35 125 990 0,10 

2851 35 075 1040 0,9 

2853 sh 35 050 1065 0,12 + Jl 

2856 sh 35 015 1100 0,8 

2864 34 915 1200 0,7 

2867 sh J4 880 1235 0,11 + 12 

2872 sh 34 820 1295 0,11 + .32 

107 

2879 sh 34 735 1.380 0,11 + Jl ;0, .3 x 12 

2885 34 660 1455 0,10 + 12 

2890 J4 600 1515 o,6 ;0,9 + 12 
2892 sh 34 580 1535 0,10 + J2 

2896 sh 34 530 1585 0,9 + 32 



TABLE 4.11(Cont1nued) 108 

I PQS1t1Qn 4\/ ( cm-1) Assignment 

1-Cnm x 10) ll{cm-1) 

w 2899 34 495 1620 0,10 + 31 

m 2902 34 460 1655 0,7 + 12 

w 2906 sh 34 410 1705 0,11 + 2 x 12 

w 2909 34 375 1740 0,7 + 32 

vw 2917 34 280 1835 0,7 + 31 

w 2924 34 200 1915 0,10 + 2 x 12 

m 2930 34 130 1985 0,2 x 10 

m 2935 J4 070 2045 0,9 + 10 

w 2939 sh 34 025 2090 0,10 + 12 + 31 

w 2942 33 990 2125 o. 9 + 12 + 31 

s 2948 33 920 2195 0,7 + 10 

m 2952 33 875 2240 0,7 + 9 ;0,4 

m 2956 sh 33 830 2285 0,7 + 12 + 31 

w 2962 sh 33 760 2355 0,9 + 11 + J2 
w 2966 sh 33 715 2400 0,9 + 11 + 31 

m 2968 33 695 2420 0 ,2 x 7 
m 2971 sh 33 660 2455 0,2 x 10 + 12 

w 2974 sh 33 625 2490 0 .9 + 10 + 12 ;0,6 + 10 

w 2981 sh 33 545 2570 0,2 x 10 + 32 

w 2985 sh 33 500 2615 0,2 x 10 + 31 

m 2989 33 455 2660 0,7 + 10 + 12 

w 2994 33 400 2915 0,7 + 9 + 12 

w 2998 sh 33 355 2760 0,7 + 10 + J2 



TABLE 4.11 (Continued) 109 

I Position 411(·cm-1 ) Assignment 

). (nm x 10) v{cm-1) 

w JOOJ sh 33 JOO 2815 0 '7 + 10 + 31 

w 3009 33 235 2880 0,2 x 10 + 2 x 12 

w 3016 33 155 2960 O,J x 10 

w 3022 33 090 3025 0,9 + 2 x 10 

w 3037 32 925 3190 0,7 + 2 x 10 

w 3042 J2 875 3240 0,7 + 9 + 10 ;0,4 + 10 

w J048 sh J2 810 JJ05 0. 7 + 10 + 11 + 12 

w 3057 32 710 3405 0,2 x 7 + 10 

w 3062 J2 660 3455 O,.J x 10 + 12 

w .3080 32 470 3645 0,7 + 2 x 10 + 12 

O,J x 7 

w 3084 32 425 3690 0,7 + 9 + 10 + 12 

w 3100 32 260 3855 0,2 x 7 + 10 + 12 

w 3106 32 195 3920 0,3 x 10 + 2 x 12 

w 3112 J2 135 3980 0,4 x 10 

vw 3120 32 ·050 406.5 0,2 x 9 + 2 x 10 

vw 3131 Jl 940 4175 0,7 + 3 x 10 

vw 3137 31 880 4235 0,7 + 9 + 2 x 10 

o,4 + 2 x 10 

vw 3144 Jl 805 4310 0,7 + 2 x 10 + 11 + 12 

vw 3151 31 7.35 4380 0,2 x 7 + 2 x 10 

vw 3157 31 675 4440 0,4 x 10 + 12 

vw .3174 31 465 4650 0,7 + 3 x 10 + 12 



TABLE 4.11 (Continued) 110 

I PQs1t1on AV{cm-1) Assignment 

A(nm x 10} v(cm-1 ) 

vw . 3181 31 440 4675 0.7 + 9 + 2 x 10 + 

vw 3201 31 240 4875 o.4 x 10 + 2 x 12 

vw 3208 31 170 4945 0.5 x 10 

vw 3230 30 960 5155 0.7 + 4 x 10 

arntens1t1es uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very. 

bsh= shoulder 
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CHAPTER V 

DISCUSSION 

The luminescence spectra obtained in this inves

tigation were very dependent on the method of sample 

cooling. The doublet nature of the phosphorescence and 

fluorescence in cyclohexane has also been observed for 

benzene ( J.Q. ), and attributed to emission of the so1ute 

in two different crystalline environments of cyclohexane, 

the high temperature cubic form and the low temperature 

monoclinic form. Evidently. with rapid immersion of the 

benzonitriles 1n cyclohexane into the liquid nitrogen, 

111 

some of the high temperature modification is present. By 

cooling more slowly, more o~· the monoclinic phase is formed: 

after thawing and 'slow-cooling' again, only the red part

ner of the doublet bands is observed. This is the behavior 

found by Spangler and Kilmer ( J.1 ) for benzene. Hence the 

spectra shown in figures ( 4.7 ) - ( 4.11 ) are considered 

to be fluorescences of the benzonitriles in the monoclinic 

form of cyclohexane. The broad background still present 

under all the main bands may be unresolved multiplet 

structure due to various orientations of the solute, or 

to lattice vibrations of the solvent. 

Heat capacity measurements ( 1§. ) indicate the 

presence of only one crystal line phase for rnethylcyclo-



hexane in the region 120K - 298°K ; therefore, other fac

tors need be considered as candidates responsible for the 

doublet splittings in methylcyclohexane. Martin and Ka

lantar ( .12. ) have noted that cooling methylcyclohexane 

produces a glass plus a crystalline mass. The phosphores

cence 0,0 electronic band for benzon1tr1le-H5 in methyl

cyclohexane glass was found in the present study to be 

at 26 910 cm-1 which is quite distinct from the doublet 

bands at 27 010 cm-1 and 27 070 cm-1 • The concentrations 

used here are so dilute that microcrystal benzonitrile 

emission is ruled out; for benzene in cyclohexane, this 

becomes important only at 0.1 M ( .11 ). It seems likely 

that the phosphorescences shown in figures (4.2 ) - ( 4.6 

result from benzonitriles in two different orientations 

in a single crystalline modification of the solvent. 

Differing solute-solvent interactions would explain the 

observed splittings. The ratio of molecules in the two 

orientations would be expected to vary with cooling. Fast 

cooled method spectra mirror the populations at a higher 

t emperature, frozen in to some extent by immersion in the 

l iquid nitrogen. Slow cooling allows the more favorable 

orientation at 770K to predominate. Ethynylbenzene, which 

i s slightly larger than benzonitrile, shows no splittin~s 

i n the luminescence spectra in methylcyclohexane ( 40 ) • 

Presumably in this case there is only one preferred or 

112 



11.3 

possible solute orientation. The phosphorescence lifetimes 

of the doublet 0,0 band of phosphorescence in methylcyclo

hexane were measured; both are about three seconds and 

exponential. In cyclohexane, both are about ten percent 

longer and exponential. This is to be contrasted with 

benzene in cyclohexane in which Martin a.nd Kalantar ( 41 ) 

have found that the phosphorescence lifetime in the mono

clinic form of cyclohexane ( slow-cooling ) was longer 

than that 1n the cubic form ( fast cooling ) by a ratio 

of about 4 : 1 • 

The shapes and the vibrational analyses for the 

phosphorescences of all the benzonitriles are very similar 

but distinct from the fluorescences, which a.re also very 

nearly identical. The agreement of the data for the deu

terated benzonitr1les with those for ordinary benzonitrlle 

lends considerable support to the proposed assignments. 

In the phosphorescence, the main progressions are 

in v5 and V 8 • v5 involves C - C stretching and V 8 is 

concerned with in-plane C - H bending. An approximate 

p ictorial representation of these mode of vibration can 

be found in f1p;ure ( 4.1 ). From these pictures, it is 

s e en that these two modes are somewhat complementary. 

Their prominence in long progressions is consistent with 

a planar, non-regular hexagon ring triplet state ~eometry. 
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The absence of long progressions of out-of-plane vibrations 

lends support to the proposed planar geometry. Intensity 

measurements on the 1600 cm-1 progression in the phos

phorescence of toluene ( ~ ) indicate that the ring has 

four short bonds and two long ones ( ant1qu1no1d ). The 

resolution at which the spectra of this study were taken 

is not sufficient to warrant such calculations; contri-

bution of underlying bands would. give a relatively large 

error to such measurements. 

The same progressions are also evident in the 

rigid glass matrices, 1.e., isopentane, rnethylcyclohexane, 

3-rnethylpentane, ethanol and methanol. Of course, the 

spectra in such glasses look much simplified due to the 

low resolution obtained but the v5 progression is still 

observed. 

The orbital symmetry of the lowest triplet state 

was assigned as 3A1 ( 3A' for meta and ortho ) on the 

basis of the polarization of the 0,0 transition band of 

phosphorescence. With such an assignment, two triplet sub

levels, 'rx and 'ry, ( of symmetry b1 and b2 ) are dipole 

emissive. The appearance of strong a 1 fundamentals in 

progresstons and combinations does not permit a partl

tion lng to be made of the relative contributions of the 

sublevels to the observed bands. Accurate polarization 



measurements throughout the phosphorescence region would 

be of help in that respect. The weak presence of non

totally symmetric vibrations in the phosphorescence in

dicates that vibrational perturbations are very small. 

To account for their presence, several routes can be con-
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sidered for combining spin-orbit and vibrational effects, 

such as spin-vibronic coupling ( 1st order perturbation ) , 

vibronic coupling among triplets with sp1n-orb1t coupling , 

and vibronic coupling among singlets with spin-orbit coup

ling (2nd order perturbation). All of these pathways 

predict that b1 vibrations can be evident 1n the spectra 

due to 1A1 ( z ) and 1B2 ( y ) singlet admixture, and b2 
1 1 vibrations due to A1 and B1 ( x ) mixing. Polarization 

measurements throughout the entire phosphorescence spec-

t rum could help settle the question of the nature of the 

perturbing singlets, but could not distinguish between the 

t hree aforementioned mechanisms. 

The fluorescence analyses show that the main pro

gress ion is in V10 , the ring breathing mode. Two other 

prominent fundamentals appearing in the spectra are v7 
and V12 , from which the progressions and combinations 

with v10 comprise almost the entire spectra. A glance 

at figure ( 4.1 } shows that v7 and v12 are quite re1a

ted to the breathing mode. Therefore, their appearance ts 

interpreted to signify that the excited singlet state is 



nearly hexagonal but slightly expanded. In contrast to 

the phosphorescence, no progressions in V 5 and V 8 are 

observed. In benzene and methylbenzene ( ~ ) , the main 

progression in absorption and fluorescence is also the 

ring breathing mode. In benzene, there is an increased 

C - C bond distance of 0 .037 A0
• 

The predominance of the a 1 modes in progressions 

and combinations, built on the 0,0 band of fluorescence 
1 1 suggests that the mixing of s1 with s2 ( B2 with A1 ) , 

giving rise to the b2 forbidden components, is small 

(refer to section 2.5 ). The intensity of the forbidden 

transition will depend on the proximity of a third elec

tronic state, in this case 1A1 ( s2 ). In fact, the in-

tensities of the b2 forbidden transitions ( 

a re very weak compared to the same modes ( 

and 

and 

f or ethynylbenzene ( ~ ) , where the mixing of s1 with s2 

i s strong ( ~ ) and where the main features of the flue-

116 

rescence are a 1 progressions built on one quantum of non

t otally symmetric b2 vibrations. The weak mixing for benzo

nitrile as compared to ethynylbenzene is explained by the 

f act that the energy gap between s1 and s2 is much larger 

f or benzonitrile (--7400 cm-1 ) than for ethynylbenzene 

-1 < ~ 5200 cm ) • 
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CHAPTER VI 

SUMMARY 

The vibrational analyses and spectra for the phos

phorescences of all the benzonitriles in methylcyclohexane 

are quite similar but very different from the vibrational 

analyses and spectra for the fluorescences of the benzo-

. nitriles 1n cyclohexane. 

The nature of the splittings in methylcyclohexane 

is attributed to two different orientations of the solute 

molecules in a single crystalline form whereas, in cyclo

hexane, it is attributed to solute 1n two different ( cubic 

and monoclinic ) crystalline forms. 

The vibrational analyses of the phosphorescences 

are consistent with a planar, non-hexagonal ring triplet 

state geometry and that of the fluorescences consistent 

with a planar, slightly expanded ring excited singlet sta

te geometry. 

The lowest triplet state orbital symmetry is as

signed as JA1 on the basis of polarization of the phospho

rescence 0,0 band. 
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