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The new substituent con아ants (©*)  are calculated from the acidity constants (pK*)  of phenol derivatives in the excited 
state (x£6). These substituent constants are applied to the Hammett equations and found good correlation with pK*  of 2,6- 
di-招〃一butyl phenol, benzamide, nitroaniline, thiophenol, azobenzene, and benzoic acid derivatives. The correlation was 
much bettre than that of ground state substituent constants such as S, and From these results, the new substituent 
constants (<r*)  are proposed to be used for the linear free energy relation아】ip in the 】(兀, 兀*)  excited states of phenyl 
compounds.

Introduction

The acidity constants in the excited states can be determined 
by several methods1. The two of the most wid이y used 
methods are Forster cycle2 and fluorometric titration3-4. The 
former makes use of 0-0 electronic transition energy of the 
aci dand its conjugate base obtained from the UV-VIS spectra 
as shown in equation 1 and the latter determines the 
fluorescence quantum yields varying the pH. The 0-0 
electronic transition energy in cm-1 can be obtained from 
equation 2. Therefore, the accurate 人*:  from UV-VIS spectra 
and/or 烈心 from the fluorescence spectra should be determined.

pK-pK*= 2.303RTl3ah-") ⑴

=2.1(以1(厂3(£而一以「)at 25°C

~ or -寿— or 스l + -会—) ⑵
人max 人maat 乙 ' 人ma*  人max ,

pK=-logi()K (3)
pK*=_logioK* (4)

Where N is the Avogadro number, R is the 횸as constant, 
T is the absolute temperature, h is the Planck constant, yAH 
and i)A- are the absorption maximum wavenumber (cm-1) 
of the acid and its conjugate base respectively, K and K*  are 
the acidity constants in the ground and excited states 
respectiv 이 y.

When the pK*  is determined by Forster cycle, the following 
precautions should be taken: i) Tt should be checked whether 

the protonation entropies are equal in the ground and excited 
states or not. ii) The correct 0-0 electronic transition energy 
아lould be 니sed. The correct 0-0 electronic transition ener용y 
can ideally be determined by averaging 无％ and 无，if 

absorption and fluorescence spectra are mirror images of 
each other. But the fl니。rescence spectra are not always 
available and in many cases, they are not mirror images of 
absorption spectra. In these cases,尤M alone is used in the 
calculation of the 0-0 transition energy. The error can be 
minimized even in these cases if 人；糙 of the acid and its 
conjugate base deviates about the same degree and to the 
same direction from the true 0-0 electronic transition 
energy, iii) Forster cy이e must be applied to the same kind of 
protolytic equilibrium and electronic band (state).

When 나pK*  is determined by the use of fluorometric 
titration, the attention must be paid to the proton exchange 
reaction rate constants in the excited states which are smaller 
than or similar to the fluorescence rate constants (* 〈〈&£ 

切아侦K初 庖SH"*"/ 。in equation 5. In these

cases, incorrect pK*  val니es are obtained3-4.

k
[AH]*  + SH 亍[A"]*  + SH广

kf k 1V7

AH + 所ah A~+&力 a.-

where SH is the protic solvent.
These difficulties can be overcome by the use of b니 

solution, but the usefulness of this method is re어ricted 
because fluorescence intensity of some molecules are too 
weak to determine the fluorescence quantum yi이ds. There 
are other methods to determine pK*,  fbr example, pho-
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topotentiometry,6 but these methods are seldom used.
Jaff e et al^ and many other workers6,7 have tried to apply 

the pK*  to the well-known Hammett equation (eq. 6) utilizing 
the substituent constants in the ground 어ate 切, tz+,

典(4司=四 ⑹

It was found that pK*  values are better correlated with <r+ 
or 矿 than with <j. They attributed the results to the increase 
of electron donating and releasing effects of the substituents 
due to the larger resonance contribution in the excited states. 
However, the correlationship they obtained lacked the sound 
theoretical background and the best correlationship was 
established with substituent constants found by trial and 
error.

The electronic configuration of the excited states is generally 
different from that of the ground state. Consequently, many 
physical and chemical properties of the excited states are 
expected to be different from those of the ground 아ate. For 
example, there are many evidences which support the larger 
charge-transfer character in the excited states than in the 
ground state. One of them is the dipole moment8. The dipole 
moment of ^-nitroaniline is 6D and 14D in the ground and 
the first excited state respectively.

The dipole moment of dipolar structure of the compound 
as shown in Figure 1 is 25D by calculation, and the excited 
state is expected to have large contribution of this dipolar 
structure. The charge distribution of benzyl cation in the 
S,兀*)  excited state is illustrated in Figure 2.9

From these charge distribution data, the canonical 
structure of the resonance forms of benzyl cation in the (兀,丸*)  

excited state can be written as shown in Figure 3 and these 
stmctures are confirmed by the solvolysis experiments9. The 
contribution of these resonance structures in 1L^ and L乙决° 

state may not be same but both states will have some contribu
tion of these resonance structures in contrast to the ground 
state. Therefore, the correlation of pK*  with the substituent 
constants in the ground state (<r, t产,(厂,etc)seems very 

unreasonable.
In 1977, Lahiri et al.11 calculated the new substituent 

constants from the pK*  of benzoic acid derivatives and 
applied them to the pK*  of aniline derivatives without good 
results. The phenol system had been studied extensively by

© /=\ @/O°H2N=〈D=N〈o。

Figure 1. The dip이ar structure of p-nitroaniline..

CH2 0.428(+0.572)

1.000(0.000)
件 857(+0.143)
4.000(0.000)

0.857(+0.143)
ground state

CH2 1.000(0.000)
I 1.000(0.000) 

">0.750(+0.250) 
丿).750(+0.250) 

1,000(0.000)
(充，几*)  excited state

Figure 2. The charge distrib나tion of benzyl c저ti°n in the 
ground 케d (兀, 兀*)  excited stale. N니mbe「s are 兀이ect「on 
densitities and numbers in parentheses are formal charges. 
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many workers12113 and the pK*  of many phenol derivatives 
had been determined. In this paper, the new substituent 
constants ((;*)  are calculated from these pX*  values of phenol 
derivatives and applied them to other systems.

C저elation and Results

The new substituent con아ants (c?*)  in the excited 아ates 
of phenol derivatives are calculated by the Hammett eq니ation 

(eq. 7).

典(籽)5*  ⑺

where K denotes acidity constants, Represents the excited 

states.
The pK*  of phenol derivatives was determined by many 

workers12-13 either by Forster cycle or fluorometric titration 
method. These pK*  values for phenol derivatives in the 
excited state in water) are 니sed in the calculation and 

the values are averaged if more than one pK*  values are 
reported for 이le compound. The p*  value is arbitrarily taken

Figure 3. The resonance forms of benzyl cation in the 

(丸,兀*) excited state.

TABLE 1: pK* of Phenol Derivatives in the Excited State (V七 

(Solvent: Water)

No. Substituent pX(So) pK* (y* a 时 qc

1 H 10.0 3.8 0 0 0 0

2 3-F 9.2 3.8 0 0.337 0.352

3 4-F 9.9 4.0 0.2 0.062 0.073 0.02

4 3-C1 9.1 3.5 0.3 0.373 0.114

5 4-C1 9.4 3.4 0.4 0.227 0.405

6 3-Br 9.0 2.8 1.0 0.391 0.150

7 4-Br 9.3 3.0 0.8 0.232 -0.066 0.26

8 3-CH3 10.1 4.1 -0.3 -0.069 一 0.311

9 4-CH3 10.2 3.9 -0.1 -0.170 -0.064

10 3-Et 10.0 4.3 -0.5 -0.07 -0.295

11 4 - Et 10.1 4.3 -0.5 0.151 0.047

12 3-OCH3 9.7 3.6 0.2 0.115 -0.778 -0.2

13 4-OCH3 10.2 4.8 -1.0 0.268

14 3-OEt 9.5 4.4 一 0.6 0.1

15 4-OEt 10.1 5.3 -1.5 -0,24

16 3-CH2OH 9.3 3.2 0.6

17 3-OH 9.4 3.6 0.2 0.121

18 4-OH 10.0 3.1 0.7 -0.37 一 0.92

19 4-SO3- 9.0 2.4 1.4 0.09

20 4-N(CH"3+ 8.4 1.7 2.1 0.82 0.408

21 3-NO2 10.5 0.0 3.8 0.710 0.674

22 4-NO2 9.0 -4.0 7.8 0.778 0.790 1.25

*坦 of acid and base form of phenol are 270 nm and 286 nm

respectively;叼*=(pK* of phenol)-(pK of phenol derivatives);

'from ref. 19; cfrom ref. 20.
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as 1. The results are 아】。wn in Table 1.
These new s니bstitust constants (尸) and the pK*  of phenol 

in 50 % ethanol14 are used to calculate the pK*  values of 

phenol derivatives in the excited states in 50% ethanol and 

are tabulated in Table 2 QLb state) and Table 3 QLa state). 
The same method is used for 2,6-di-r^r-butyl 
phenol^ (Table 4, 5) benzamide15 (Table 6), 2-nitroaniIine16 
(Table 7), thioph아i이苜 (Table 8), azobenzene18 (Table 9), 
and benzoic acid11 (Table 10).

The correlation coefficients between the pAT*  of the 

compounds and the new substituent constants (<?*)  are 
calculated and compared with those between the pK*  and a 
or a+ as shown below.
pK*  vs. Substituent constants in the case of phenol (】L小 50% 
EtOH).

TABLE 2: pAT* of Phenol Derivatives in the Excited State CLfl)t 
(Slovent: 50% EtOH)

pK*=6.73-2.17(7 r = — 0.90
pK* =6.19 — 1.95 尸 尸=一0.89
pK*  = 6.59—0.79(产 r = —0.98

TABLE 3: pK* of Phenol Derivatives in the Excited State "乙). 

(Solvent: 50% EtOH)

1 X <。厂 OH 스 XYe)-。0
+ H®

No. Substituent PS) PK* ff* a G

1 H 11,16 6.58 0 0 0 0
2 ch3 11.60 7.00 ~0.1 -0.170 一 0.311
3 r-Bu 11.55 7.12 -0.197 -0.256
4 och3 11.50 7.22 -1.0 一0.268 -0.778 -0.2
5 Me3N® 9.20 4.92 2.1 0.82 0.408
6 Br 10.57 5.82 0.8 0.232 0.150 0.26
7 SO39 10.10 7 3가 1.4 0.09

人이” of acid and base form of phenol are 271 nm and 288 nm
respectively. ^Obtained from Table 1. These values are used in the
following Tables,.&This data is omitted in the calculation.

丄曾二 of acid and base form of phenol are 211 nm and 232 nm 
respectively

\―/
X—

/------ \

< O W\_ /
丄H®

No. Substituent pK(So) pK* (7* G

1 H 11.16 2.15 0 0 0 0
2 ch3 11.60 3.58 -0.1 -0.170 -0.311
3 Z-Bu 11.55 3.91 -0.197 一 0.256
4 och3 11.50 5.35 -1.0 一 0.268 -0.778
5 Me3N® 9.20 0.17 2.1 0.82 0.40S
6 Br 10.57 2.46 0.8 0.232 0.159 0.26
7 so3g 10.10 1.01 1.4 0.09
8 CO20 10.61 0.09 0.0 -0,023
9 COOH

10 conh2 0.65 一 1.75 0.36 0.62
11 CO2Et 0.65 -1.86 0.45 0.482 0.68
12 CN 8.80 -1.76 0.66 0.659 0.89
13 COCH3 0.06 一 2.53 0.502 0.489 0.85
14 CHO 8.40 -2.79 0.22 1.13
15 NO2 7.89 一 6.20 7.8 0.778 0.790 1.25
16 NO 6,80 一 10.29

pK*  vs. Substituent constants i 
50% EtOH).

pX*  = 1.87 — 7.0*
pK*  —L45 —6.58
pK*  = 3.16—1.24尸

pK*  vs. Substituent constants in
Phenol 0L*  50% EtOH).

质* = 7.24 —3.99 n 
pK*=Z00  —5.2&丁十 

pK*  = 8.25—2.이 次

Substituent constants in 
(乙，50% EtOH).

pX*=0.50 —9.而 

pK*=L17  - 1L74 尸 

pX*= 2.82— 1.74°*

in the case of phenol (L,

『=—0.80
, = —0.92
尸=—0.98

the case of 2,6-di-顷-butyl

厂=—0.86
尸=—0.87
f= —0.99

the case of 2,6—di一化〃一butyl

尸=—0.75 
广=—0.93 
r——0.99

pK*  vs. 
phenol

TABLE
Excited

4: pAT*  of 2,6-Di-ferZ-butyl
State (Solvent: 50% EtOH)

Phenol Derivatives in the

離m of acid and base form of 2,6—di서。？7—butyl phenol are 271 nm 
and 295 nm respectively.

No. Substituent Pg) pK* a* a

t H 14.22 7.92 0 0 0 0
2 ch3 14.77 8.53 -0.1 -0,170 -0.311
3 Z-Bu 14.75 7.55 一 0.197 -0.256
4 och3 14.82 ~1.0 -0.268 -0.778 -0.2
5 Me3N® 11.24 3.93 2.1 0.82 0.408
6 Br 13.23 7.10 0.8 0.232 0.150 0.26
7 SO3e 12.53 5.33 0.4 0.09

TABLE 5: pK* of 2,6-Di-ferZ-butyl Phenol Derivatives in the 
Excited State (xLfl). (Solvent: 50% Ethanol)

No. Substituent pK(S°) PK* a* 0 G~

1 H 14.22 2.15 0 0 0 1
2 ch3 14.77 4.17 -0.1 -0.170 -0.311
3 /-Bu 14.75 4.25 一 0.197 -0.256
4 och3 14.82 -1.0 -0.268 -0.778
5 Me3N® 11.25 -2.05 2.1 0.82 0.408
6 Br 13.23 2.02 0.8 0.232 0.150 0.26
7 SO3e 12.53 0.18 1.4 0.09
8 CO2e 13.10 -1.37 0.0 0.023
9 COOH

10 CONH2 11.52 0.36 0.36 0.62
11 CO2Et 11.20 0.45 0.45 0.482 0.68
12 CN 10.15 0.66 0.66 0.659 $0.89
13 COCH3 10.27 0.502 0.502 0.489 0.85
14 CHO 9.33 0.22 0.22 1.13
15 no2 7.49 0.778 7.8 0.778 0.790 1,25
16 NO 9.41
，史％ of acid and base form of 2,6—di一招〃—butyl phenol are 214 nm 
and 244 nm respectively.
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TABLE 6:卩K*  of Benzamide Derivatives in the Excited State 
(1乙). (S이vent: Water)

respectively

No. Substituent pK(S°) pAT* a* (7~

1 H -2.16 5.44 0 0 0 0
2 3-CH3 一 2.15 4.76 一 0.3 -0.069 一0.066
3 心CH3 -2.01 4.84 -0.1 -0.170 -0.311
4 3-OCH3 一 2.35 4.90 0.2 0.115 0.047
5 4-OCH3 -1.80 6.57 -1.0 -0.268 一 0.778 一0.2
6 3-C1 一 2.59 3.40 0.3 0.373 0.399
7 4-C1 一 2.47 4.10 0.4 0.227 0.114
8 3 - Br 一 2.75 2.73 1.0 0.3911 0.405
9 4-Br -2.47 3.85 0.8 0.232 0.150 0.26

10 4-F -2.24 4.80 -0.2 0.062 -0.073 0.02
11 3-NO2 -3.07 2.89 3.8 0.710 0.674
12 4-NO2 -3.23 一 3.84 7.8 0.778 0.790 1.25
人“' of acid and base form of benzamide are 245 nm and 225 nm

TABLE 7: pK* of 2-NitroaniIine in the Excited State
(Solvent: Water)

.0頌

'、N0?

+ H®

X no2 ■

No. Substituent pK(So) pK*  <7* 0 (7~

1 H -0.29 -4.86 0 0 0 0
? 4-F -0.44 一5.08 -0.2 0.062 -0,073 0.02
3 4-Br 一 1.05 一 3,75 0.8 0.232 0.150 0.26
4 4-CF3 -2.25 -7.39 0.54 0.612
5 4-NO2 一 4.33 13(28 7.8 0.778 0.790 1.25
6 4-CH3 0.43 2.96 -0.1 -0.170 一 0.311
7 4一 OCH3 0.77 -2,05 -1.0 —0.268 -0.778 -0.2
8 4-OC4H9 0.74 -1.40
9 -Cl -1.48 -3.15 0.3 0.373 0.399

10 -Br -1.48 — 3.38 1.0 0.391 0.405
11 -------- ----- 2.49 一 7.86 3.8 0.710 0.674
12 -CH3 -0.09 -2.56 -0.3 一 0.069 一 0.066
人 시‘‘ acid and base form 1of nitroaniline are 266 nm and 413 nm
respectively.

TABLE 9: pK* of Azobenzene Derivatives in the Excited State 
(】B). (S이vent: Aqueous Ethanol)

pK*  V5. Substituent constants in the case of benzamide.
pK*  = 5.04—6.6&r
pK*  = 4.27—4.90尸
pK*  = 4.80—1.02(产

尸二一0.82 
,= —0.79 
s - 0.94

PK*  V5. Substituent constants in the case of 2-nitroaniline.

pK*= —3.41—7.31b r=—0.78
pK*=-4.29-5.06b+  r=—0.72
pK*= —3.42—1.2M*  r=—0.96

p/C*  v.y. Substituent constants 
p"=—4.27 —8.6# 
pK*= —4.76—7.95户 

pK*= —3.99 —103丁*

in the case of thiophenol.
r= —0.90
r~ —0.90
r~ —0.99

pK*  vs. Substituent constants 
pK*  = 12.76—4.22仃 

pK*=  12.06—3.02“ 十 

pK*  = 13.10—0.65 尸

in the case of azobenzene.
r=—0.92
-------------
r=-0.93

pK*  vs. Substituent constants 
pK*=7.60  — 7.3& 
pK*  = 7.14—6.8k+ 
* = 5.96—0.75©*

in the case of benzoic acid.
r=—0.85
r= —0.86
r= —0.96

蕴二 of acid and base form of azobenzene are 418 nm and 313 nm 
respectively.

(G)— 一〔O \
*乂二 ''技、一z X

切〉却=N Y© , H®

No. Substituent pK(So) pK* ff* 0 G~

1 H —2.9 13.7 0 0 0 0
2 4-OEt -1.28 13.9 -1.5 -0.24
3 4-OCH3 -1.36 14.0 -1.0 -0.268 -0.778 -0.2
4 4-CH3 一 2.35 x2.8 一 0.1 -0.170 -0.311
5 3-CH3 -2.70 x2.5 一 0.3 一 0.069 -0.066
6 4-Br 一 3.47 x2.8 0.8 0.232 0.150 0.26
7 3-Br 一 3.83 11.4 1.0 0.3911 0.405
8 4-COCH3 一3.98 10.0 0.502 0.489 0.85
9 4-CN 一 4.52 9.6 0.660 0.659 0.89

10 3-NO2 -4.63 10.6 3.8 "0 0.674
11 4-NO2 -4.70 8.0 7.8 0.778 0790 1.25
12 4-NOH(CH3)2 一4.65 10.1 0.795
13 4-OH -1.02 14.0 0.7 -0.37 一 0.9 그

TABLE 8: pK* of Thiophenol Derivatives in the Excited State 
(LZsh (Solvent: Abs이ute Ethanol)

No. Sub 아 ituent 마“&) 十 p/C* (T* (T <7+

1 4-/-Bu -0.197 一 0.256
흐 4-CH3 6.52 -4.30 -0.1 -0.170 一 0.311
3 3-CH3 6,58 -3.61 —0.3 -0.069 -0.066
4 H 6.50 一 4.32 0 0 0 0
5 4- Cl 5.90 -3.68 0.4 0.227 0.114
6 4-NO 4.50 --12.07 7.8 0.778 0.790 1.25
<기嚣 of acid and base form of thiophenol are 237 nm and 270 nm 
respectively.十from ref. 21.

TABLE 10: pX* of Benzoic Acid Derivatives in the Excited State
QI사). (Solvent: Water)

—i

X

0 ,0C c + H®
X

(하

x0H _ -

No. Substituent pK(So) pK* 濟 <7 时

1 H 4(20 5.63 0 0 0 0
2 3 I 3.85 5.95 0.352 0.359
3 3 Br 3.81 5.93 1.0 0.391 0.150
4 3 Cl 3.83 5.97 0.3 0.373 0.114
5 3 F 3.86 5.81 0 0.337 0.352
6 4 Cl 3.99 5.86 0.4 0.227 0.405
7 4 T 4.00 6.31 0.18 0.135
8 4 no2 3.43 0.53 7.8 0.778 0.790 1.25
9 3 no2 3.46 1.95 3.8 0.710 0.674
尤烈 of acid and base form of benzoic acid are 273 nm and 268 nm
respectively.
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As an example, the correlation in 2-nitroaniline is shown 
in Figures 4-6

Since g~ contants are available only for the limited number 
(2-4) of para substituents, no calculation is attempted to 
correlate them with pK*.

Discussion

Figure 4- pK* versus a in the case of 2-nitroaniline (r — 
一 0.78).

Figure 5- pK* ve「爭js in the case of 2-nitroaniline (/•=
-0.72).

thiophenol and 2-nitroaniline in the excited state are greater 
than those in the ground state (pK* 〈pK), but the reverse is 
observed for benzamide, azobenzene and benzoic acid 
derivatives (pK* 〉pK). From the correlation between pK*  
and various substituent constants such as a, and ©*,  
the best correlation is observed with o*  in spite of the 
approximations involved and the experimental inaccuracy 
in obtaining the pK*  values.

Even though the pK*  values were correlated quite well 
with(7~ in phenol derivatives,5 the (厂 values are available 
only for the limited number of para substituents alone and 
the correlation can be fortuitous. Furthermore, it is not 
relevant to correlate pK*  with a~ constants since the 
electronic configuration of the excited state is generally 
very different from that of the ground state.

The fact that the best correlationship obtained between 
pK*  and(产 constants can be explained by the change of the 
electronic configuration in the excited states. The mode of 
resonance contribution is changed in the phenyl derivatives 
in the excited states compared to the ground state. For 
example, photosubstitution in nitrophenyl esters and ethers 
by various nucleophiles is preferred at the we/tz-position over 
the ortho-and para- positions in contrast to the nucleophilic 

substitution in the ground state. The extent of resonance 
contribution of substituents is also changed in the excited 
states. Since the excitation energy of the、玖 states can be 
different from one system to other, the resonance and 
contribution of substituents may be slightly different from 
inductive system to system. However, the difference 
is negligible if compared to the differences between those 

of the ground state and the excited state.
Therefore, the new substiUient constants,(;*,  are proposed 

for the linear free energy relationship in the excited states of

Figure 6- pK* verbis a* in the case of 2-nitroaniline (r = 
-0.96).
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phenyl compounds. Other than acidity constants, the 
fluorescence quenching rate constants can be studied utilizing 
these cr*  constants.

These new a*  constants will be applied to the benzoic acid 
system to test and also to improve their generality. The 
work is in progress.
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The Vacancies-in-Solid Model Applied to Solid Argon
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The molar volumes, the molar heat capacities and the molar entropies of solid argon are calculated from O K to the triple 
point using the vacancies-in-solid model. In the partition function, the central pairwise additive (Mie-Lennard-Jones 12,6) 
potential is used by introducing numbers, which is obtained by summing powers over all lattice points of a face-centred 
cubic in terms of the distance between nearest neighbours. A method of iteration is employed to evaluate the potential 
parameter, The results are compared with experimental values and other theoretical values. The results show a fair 
agreement with the experimental results.

Introduction

The rare gas solids have long been used as model subs
tances for testing theoretical studies of thermodynamic 
properties since the atomic interactions involve predominantly 
short ranged central forces which can he r이ativ이y accurately 
described for these substances. The representative theoretical 
studies are those of Herzfeld and Mayer1, Rice2, Henkel3, 

Zucker4 and Gupta et al? Rice used Debye approximation 
to determine the thermodynamic properties of solid argon, 
assuming Griineisen law be true. This gave best fit to the 
experimental specific heat data of ClusiusG. But his cohesive 
energy expression showed large contributions from 
anharmonic terms even at low temperatures, which do not 
seem to be logical. Henkel used Einstein approximation and 
the effect of anharmonicity to calculate specific heats and


