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Abstract

The theortical calculations of phenol, phenoxy, phenol-water complex, phenoxy-water
complex (I, I, I, V) were studied by quantum chemical calculations. The optimized
structures of the compounds were obtained by the Density functional theory (DFT) in gas
phase at B3LYP / 6-311G (d, p) & MP2/ 6-311G (d, p) level of theory. The study shown that
the value of total energy for compound (Il) has much more energy and accordingly less
stability in comparison with the compound (1), the compound Il (phenol-complex) and
compound IV (pheoxy-complex), have more stable structure than compounds ( I, 11'). In
addition we calculated the HOMO-LUMO, energy gap and system properties such as
ionization potential (1), hardness (n), electronegetivity(X), electrophilicity (w). The
calculation interaction energies show that the compound (IV) showed larger energy than
compound (I11). All calculations was carried out for (I, 11, 111, 1) and shows the favorable
state for stabilities (more stable) (I>11, HHI>IV).
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bonding and reactivity of molecular systems
Introducation based on some intuitive ideas and empirical

Phenols are widely used as synthetic
organic materials and also as antioxidants in
living organisms, also are known as
important intermediates in many biological
and industrial applications. Phenols are of
special interest in organic chemistry and in
the production of bonded-wood products.
Phenolic antioxidants have been extensively
used in chemical industry, food industry,
and pharmaceutical industry(1-2) Specific

interactions of type X-H--Y between
proximate moieties can be important to
determine conformational structures as well
as stabilization energies in molecules,
especially biomolecules, in intramolecular
complexes or molecular solids. Therefore,
the study of intramolcular hydrogen
bonding is very important because, as
known to all, the boiling and melting points
,vapour pressure, solubility, density
viscosity, heat conductivity, heat expansion,
dielectric constant, dipole moment, electro
conductivity, ionization, and another optical
properties, depends on the presence of
intramolecular hydrogen bond (IHB).
Hydrogen bonds are frequently separated
into two categories: weak or normal
hydrogen bonds and strong or very strong
hydrogen bonds (). The normal hydrogen
bonds are regarded as those with strengths of
about 3-5 kcal/mol and of generally less than
12 kcal/mol. Strong hydrogen bonds may
have energies in excess of 12 kcal/mol. Such
strong hydrogen bonding always involves
features such as a short bond distance (4-5),

Computational chemistry has played an
important role in identifying and quantifying
hydrogen bonding geometries and energies
of pertinent model systems. There have been
a lot of attempts to explain the nature of

rules that are essentially derived from
several experimental observations and many
chemical facts. During the development of
the quantum chemical methods, many of the
empirical chemical concepts were derived
rigorously and it has provided a method for
the calculation of the properties of chemical
systems, molecular orbital density, charge
on atoms and the bonding that is involved in
the molecular systems (5-8), .

In this work we attempt to study the
intramolecular hydrogen bonding, electronic
properties, and relative stabilities by
performing Density functional theory (DFT)
at B3LYP / 6-311G(d, p) & MP2 / 6-
311G(d, p) level of theory .

Computational method

All calculations have been carried out
using PCGAMESS program for phenol----
water complex and phenoxy----water
complex. The geometries of these two
complexes, phenol and phenoxy have been
optimized at B3LYP method of DFT theory
and MP2 method at 6-311G (d, p) level of
theory ). All calculations were performed
on the Pentium (R) 4/IPM-PC- CPU
3.00GHz, 2.00GB

Results and Discussion

The geometry optimized structures
phenol, phenoxy, phenol-water complex and
phenoxy-water complex (I, Il, 11, IV) are
visualized in (Figs 1)
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Figure (1): DFT-calculated optimized structures of the Phenol, Phenoxy,
Phenol-water and Phenoxy-water in gas phase at B3LYP / 6-311G (d, p) &
MP2 / 6-311G (d, p) level of theory.

It can be seen from Table 1 that, the
total energy of the phenol, phenoxy,
phenol-water complex and  phenoxy-
water complex (I, I, HI, IV sequence)
have almost similar energies and thus
comparable stabilities, The phenoxy ion
(1) has much more energy and
accordingly less stability in comparison
with the compound (I) (decrease energy
and high stability). The calculated
energies show that the compound Il

(phenol-complex) and compound IV
(pheoxy-complex), have more stable
structure than compounds (I,1), because
of the complexes have intermoluclare
hydrogen bonding(IHB). As well as the
compounds (I&Il) have less energy

potential compare  with  compounds
(N&IV) In  addition  the  ionization
potential for compounds (Ill, 1V) are

larger than compounds (1, 111). (10-11)

1)
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Table 1: Energy (Kcal/mol) of the Phenol, Phenoxy, Phenol-water and
Phenoxy-water in gas phase at B3LYP / 6-311G (d, p) & MP2 / 6-
311G (d, p) level of theory

Compound Level of theory *Total Energy *Total Potential
In Hartree Energy in Hartree
BiLYFP -307.5552 -613 5490
Phenol I AEZ -3068.6676 -613.24592
BiLTFP -308.575% -612.5471
Phenoxy II MEZ -306 0875 -B12 2656
BiLYF -384.0134 -7E6.2557
Phenol+ Water TTT
MEZ -382.5454 -765.8540
Phenoxy+Water IV BiL¥FP -383.4588 =765, 8077
ALEZ -382 3858 =764 5246

*: Minus sign denotes lower energy (stabilization )for the total energies calculated.

Table 2; summarizes the highest occupied
molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO) and
HOMO and LUMO energy gaps (AE) for
compounds (I, 11, I, 1V) calculated at 6-
311G basis set. The eivgenvalues of LUMO
and HOMO and their energy gap reflect the
chemical activity of the molecule. LUMO as
an electron acceptor represents the ability to
obtain an electron, while HOMO as an
electron donor represents the ability to
donate an electron. The smaller the LUMO
and HOMO energy gaps, the easier it is for
the HOMO electrons to be excited; the
higher the HOMO energies, the easier it is
for HOMO to donate electrons; the lower the
LUMO energies, the easier it is for LUMO
to accept electrons. The energy gap of the
compound | is larger than that of the
compound Il. While the energy gap of
compound Il larger than that of the
compound 1V. So from the energies band
gaps results that the stabilities of compounds
are ((1 >I1 & HI>1V). A compound (I1&1V)
with a small HOMO-LUMO gap can be
associated with a high chemical reactivity
that the complexes (111, 1) with water more
ability to react with the bases compare with

and low kinetic stability 24"

In addaition the calculated energy gap by
(MP2) method is larger than the calculated
energy gap by (B3LYP) method this may in
agreement with the calculated the total
energy data for compounds (Table 1). The
calculated the total energy by (MP2) method
is larger than the calculated total energy by
(B3LYP) method). As well as from Table 3;
the molecule reactivity is related to the
system properties, such as ionization
potential(l),hardness(n),lectronegetivity(X),
electrophilicity(w).The compounds (11&V)
have high electron affinity(A) compare with
the compounds (I&I11). While the increase
of the data of ionization potential (I), when
transfer from the compounds (I, Il) to
compounds (I, 1V), this referred to the
difficult of ionization of this compounds (111,
IV). The Compounds (I, 1I) have less of
electronegetivity(X) compare with the
compounds (11, 1V) which referred to that
this compounds (IIl, IV) it is hard bases
which agreement with data of n in table( 2).
Also the data of @ referred to the reflects it
compare with the data of (X), n, It is appear
compounds (I, Il). From these results the
compound has more stable, its have larger of
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compounds are (I >l & II>1V
with the energy data (Table 1) ®®.

Table 2: Electronic properties of the studied molecules, The MO energy of

HOMO, LUMO levels, AE (in eV), Electron affinity (A), lonization potential (1),
Global hardness (n), Electronegetivity(X), Electrophilicity (o) (in eV). At B3LYP

/ 6-311G (d, p) & MP2 /6- 311G (d, p) level of theory.

Lewvel of
Phenol Phenoxy Phenol+-Water | Phenoxy+Wate
Compounds theory I II 1 Iv
BILFF | 622601 | 0 14966 654953 05115
HOMO
A2 _8.55260 | -2.03542 -8 26009 2 74292
BILYE J0.33470 | 4.81373 -0.54423 434569
LITOM
MP2 3.47764 2.01925 3.26811 774170
BiLre 529131 4.66406 6.00560 485727
LE ALP2 12.03024 | 10.05468 12 12821 1048462
: BILYP 622601 | -0.14966 6.54953 0.51157
ALP2 255260 2 03542 8. 26009 2 74292
BIL¥P 2 94565 233203 30028 2 42863
m AEP2 £.0145 5.02733 6.0641 5.24231
« BIL¥P 3.28035 | -2.48169 3.54703 -1.91705
AIP2 253748 | -2.991915 279599 2 49939
BIL¥E | qa72324 | 1.16601 1.5014 1.214315
- ALP2 300725 | 2513665 3.03205 2621155

From table 3, we can see that important
optimized bond lengths and bond angles
which participate in forming HB in the
compounds (Ill, V). The bond length H
(14)-O0 (7) in compound (IV) founded
1.5935(A) and is shorter than bond length H
(15)-O (7) in compound I1lII. Also the bond
angle O(13)-H(14)-O(7) in compound IV
largest than bond angle O(14)-H(15)-O(7)
in compound Ill, The changes of the bond
lengths and bond angles in the compounds
(1, 1IV) indicate the presence of u-
conjugation which participates in forming

2, this agree

the HB. As a result, a shortening of [H (14)-
O (7) =1.5935] distances in compound (IV)
compared with the compound IIl [H (15)-O
(7) = 1.8265], this showed and reflects the
strong to be electrostatic attraction in
compound IV, (16-18),

ay
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Table 3: Selected structural parameters of the optimized compounds, bond

distance (A°) X1—H- - - - X2 and bond angles (°) X1—H-----X2. At
B3LYP /6-311G (d, p) & MP2/6- 311G (d, p) level of theory.

Values of Values of

Compound Level of Bond Bond Bond angles(” ) Bond
Theory Length{A%) angles{”)
Phenol-Water ITT BILYE H{15-007 1.8265 QU1 -H(15)-00 | 1687738
ME2 H{15)-00N 18265 OU1-H(15-00 | 1687738
Phenoxy-Water IV BILYR H{14)-00h 1.5935 QU1E-H(1H-000 | 1771140
MEP2 H{14)-007 1.5935 QU1E-H(1H-00 | 1771140

On other hand the Interaction energy were calculated according to the equations shown below (19-

20)

*Interaction energy of compound Il = E phengl-complex — [EH,0 * E Phenoll
*Interaction energy of compound V= E phenoxy-complex — [EH,0 * E Phenoxyl

The value of the interaction energy in
compound (Il1) was at B3LYP/6-311G(d,p)
level of theory [ -6.198788 kcal/mol] and at
MP2/6-311G(d,p) level of theory [-6.23054
kcal/mol], while in the compound ( 1V ) the
interaction energy was at B3LYP/6-
311G(d,p) level of theory [-19.25362
kcal/mol] and at MP2/6-311G(d,p) level of
theory [-19.09881 kJ/mol ] . The interaction
energy in Minus sign denotes exothermic
energy (21) -

The calculation interaction energies
showed that the water molecule binds

stronger in compound (1V) compare with the
compound (I11), so that the bond H(14)-O(7)
in compound (IV) is smaller than the bond
H(15)-0(7) in compound (111) ®® The bond
lengths and angles of compounds (I, I1, 1II,
V) are listed in Table 4, 5: As shown there
are slight changes in the bond lengths and

angles of compounds. The changes of the
bond length and angles affected
considerably with the formation hydrogen
bonding. When the water binds with O7
atom of compound (I, 1), and participates in
forming complexes (Ill, IV). The bond
length C1-O7, and bond angle H13-O7-C1
are slightly increased in compounds (111, 1V)
comparison with the compound (I, I1) due to
cancel the forming partial double bond
because of the partial double bond its
disappear in compounds (1,11) when forming
the complexes (I11,1V) and as result of the
effect of hydrogen bonding on the ring of
phenol or phenoxy which leads to
redistribution of electron cloud in the ring of
compounds which causes changes on the
bond lengths and angles®®

*Interaction energy of compound =
Energy of hydrogen bonding

q¢
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Table 4: Selected structural parameters of the optimized compounds (I,
I11), bond distance (A°) and bond angles (°) at B3LYP / 6-311G (d, p) &
MP2 / 6- 311G (d, p) level of theory

B3LYFs 311G p) MP2r8-311G(d p)

FHENCAY PHENCRF+HI0 FHENCRY PHENTRTHHI0
R(1-2) L |RID 140 |R(ID) LT |R(-D) 1440
R(1-6) 148 | R(l6) 143 | R(L6) 148 | R(1-6) 1.436
R(L-T) 1262 |R(T 1285 |R(LT 1262 |R(-T) 1.285
R(2-3) 137 |RQD 1388 |RQD 1387 |RQ-3) 1.388
R(2-8) 1089  |RQB) 1082 | RQ8) 1089 |R(2-8) 1.082
R(3-4) 1405 | R(-4) 1397 | R(3-4) 1405 | R(3-4) 1.307
R(3-9) 1089  |RG9) 109 |R(3.9) 1089 |R(3-.9) 1.090
R(15) 1405 | Rids) 1397 | R(45) 1405 | R(13) 1.307
R(-10)  L086 |R(-10) 1088 |R(A10) 1086 |ReL10)  L0gs
R(5-6) 138 | BG-6) 1388 | RG-6) 1386 |RG-6) 1.388
RG-1)  L089 |RG1) 1089 |RG1) 1089 [RG-1D)  Logy
RG-12)  L089 |R(-12) 1083 |RG6-12) 1089 |RG-12)  L083
A216) 1136 |RA3) 1013|4216 1136 |RO%14)  LOL3
ACLT) 1232 |RA31S) 0960 | AQLT) 1232 |R(3IS)  0.960
A123) 128 |AQL6) 1153 |AQ23 1228 |AQ16) 1153
AL28) 1167 |AQLT 1234 |AC2) 16T [AQLTY 1234
AG-1T) 1232 |A2D 1215 |AGLT) 1232 A2 1218
A(L65) 1229 | ACL2-8) 1169 | ACL6-S) 1229 [AQ28) 1169
AL6-12) 1167  |AG-1T) 12014 | ACL6-12) 1167 |AG-LTY 1214
AG-28) 1205 | ACL6-5) 12019 |AG28) 1208 |A(6S) 1219
A234) 1215 | ACL6-1D) 1163 |AQ34 1215 | A1) 1163
AR39) 1195 | A28 1216 | A3 1195 [AG28) 1216
A(39) 1190 |AR34) 12017 |AG39) 1190 [AQ34) 1217
A45) 1178 |AQ3®) 1187|445 1178 [AQ3m 1187
A1) 1211 | AG39) 1196 | AG4l) 1211 |A@3®) 1196
AG-A1) 1211 | A(R45) 1181 | 4G4l 1211 [AG4S) 1181
A@S6) 1214 | AL 1200 | AGS-6) 1214 |AG4LD 1210
A@S1D) 1190 | AGAl0) 1209 | AAS-1D 1190 |AG-410) 1209
AG-5-1D 1196 | A45-6) 1215 | AGS-1D 1196 |A@SE) 1215
AG-6-12) 1205 | A@S-1D 1197 | AG6-1) 1205 |A@SLD 1097

AG-511) 1188 AG-51D) 1188
AG-612) 1218 AG-6-12) 1218
A(1413.15) 1032 A(413.15) 1032

q0
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Table 5: Selected structural parameters of the optimized compounds (I1,
IV), bond distance (A°) and bond angles (°) at B3LYP / 6-311G (d, p) &
MP2 / 6- 311G (d, p) level of

Ri2-12) L.0&6 Ri2-12) L.0gs
R(3-4) 1397 Ri3-4) 1.398
Ri3-11) L.0g7 Ri3-11) L.0gs

R(4-5) 1391 | RS 1.392
Red-10) 1.084 | R¢10) 1.082
R(5-6) 1400 | R(5-6) 1.402
R(5-9) 1086 | RG-9) 1.084
R(6-8) 1088 | R(5-8) 1.086

R(T-13) 0961 |R(T-13) 0.951
AC-L6) 1195 | R(1415  0.968
AC-LTY 173 |R(416) 0960
AL 1200 | A6 1204
AQ21 1191 |A@GLT 1172
AG-LTY 1232 | A23 1195
A0-6-5) 1202 | A(L212) 1192
A0-6-8) 1197 |AGLT 1224
AT 1116 | AL6-5) 1197
AG-212) 12090 | AL6® 1201
AC-34) 1205 | ALT-13) 1133
AQ3ID 1195 | AG2-12) 1213
AMGIID 1199 | AQ234) 1208
AG-45) 1193 | A3 1198
AGALDY 1203 | AM31D) 1200
AG-A10Y 1204 | A4S 1104
A58 1205 | A4l 1203
A4S 1202 |AG41D) 1203
AG-5-9) 1193 | A@S6) 1204
AG-6-8) 1201 | A@S®Y 1202
AG-5-9) 1194
AG-6-8) 1202
A(15-1416) 105.0

BILVR/6 311G p) MPXESTIGHER)
FHENOL PHENGLAHIO FHENOL PHENGLAHIO

1D 1400 | R(2) 1396 |R(LD 1400 | R(-D 1.39G
R(1-6) 1395 | R(L-6) 1389 | R(-6) 1.305 | R(1-6) 1.389
R(-T) 1366 | R(LT 1372 |RA-T 1.366 | R(-T) 1372
R2-3) 13% | RE3) 1399  |[RE-D 130 |RE-D 1.399

Ri2-12) L0856 | Ri2-12) L.0gs
R(3-4) L1397 | R(3-4) 1.398
Ri3-11) 1.087 | Ri3-11) L.0gs

R(4-5) 1.391 | R(4-5) 1.392
R(d-10) 1.084 | R¢4-10) 1.082
RG-6) 1.400 | R(5-6) 1.402
RG-9) 1.086 | R(5-9) 1.084
R(6-8) 1.088 | R(6-8) 1.086

R(T-13) 0.961 | R(T-13) 0.951
AQ-1-6) 1195 |RA415) 0968
AQ-LTY 1113 |RA416) 0960
A2 1200 |AQ-L6) 1204
AQ-2-12) 1191 |A@-LTY 1172
AG-1-TY 1232 (A2 1195
A-6-5) 1202 | A1y 1192
A-6-8) 1197 |AG-LTY 1224
ALT-13) 1116 | A0-6-5) 1197
AG-2-12) 1209 | AQ6-8) 1201
AQ3-4) 1205 |AQLT-I) 1133
AQ-31D) 1195 | AG-212) 1213
A1 1199 |AQ-34) 1205
AG-45) 1193 |AQ-31D 1105
AG-AI0) 1203 | AGM31D 1200
AG-410) 1204 | AG-45) 1194
AG5-6) 1205 | AG-4L0) 1203
AG5.9) 1202 | AG-AL0) 1203
AG-5-9) 1193 | A(45-6) 1204
AG-6-8) 1201 | A@S® 1202
AG-5-9) 1194
AG-6-8) 1202
A(15-1416) 105.0

Mulliken charge on the oxygen atoms in the
compounds were calculated for the
optimized structures at B3LYP / 6- 311G (d,
p) & MP2 / 6- 311G (d, p) level of theory.
The results are shown in Table 6, it can be
seen from this table that the charge on O7
atom in compound (I, Il) increase when
participates in forming (HB) complex with
water molecule, so the complexes (11, 1V )

are more bases compared with compounds
(1,1),which mean that complexes (llI, 1V)
react more quickly with acids from (I, I1),
this amount of energy will increase the
energy gap (Table 2) due to electronic
effect for water molecule®?.

a1
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Table 6: Calculated Charge Density Distribution
(Mulliken Charge) of compounds at B3LYP / 6-
311G (d, p) & MP2/ 6- 311G (d, p) level of theory.

Compound Level of Charge of
theory Atom O7F
BiL¥F -0 320822
FPhenol I AFE2 -0 EZF5547
Fhenoxy IT BiILFF -0 547741
AFE2 -0.5258347
BiLFF -0 4387 7E

_|_
Phenol+H " Water TTT ¥k 5 A34550
Fhenoxy+#ater TN B35 VR -0 585388
ALEZ -0.57559%4

Conclusions:

The quantum chemical calculations can

be successfully used for the prediction of
intramolecular hydrogen bonding, electronic
properties, and relative stabilities in phenol,
phenoxy, phenol-water complex, phenoxy-
water complex.
The methods adopted here for calculation
density functional theory (DFT) at B3LYP /
6-311G(d, p) & MP2 / 6- 311G(d, p) level
of theory is proved to be good to give the
optimized geometry and minimized energy
for the compounds under study. There are
multiple of concluding remarks of
calculations in study, include as: The
calculated energies show also that within the
compound  (Ill)  (phenol-complex) and
compound (IV) (pheoxy-complex), are most
stable structure than compound (I, I). The
energy gap of the compound 1 is larger than
that of the compound II. While the energy
gap of compound Il larger than that of the
compound (IV). So from the energies band
gaps results that the stabilities of compounds
are ((I >l & HI>IV). Compounds (l1&I1V)
with a small HOMO-LUMO gap can be
associated with a high chemical reactivity

and low kinetic stability. The bond length H
(14)-0 (7) in compound (V) founded
1.522(A) which is shorter than bond length
H (15)-O (7) in compound (). Also, the
bond angle O (13)-H (14)-O (7) in
compound (IV) was found largest than bond
angle O (14)-H (15)-O (7) in compound
(1. The calculation interaction energies
showed that compound (IV) has higher
energy than compound (lIl), this behavior
reflects the strong electrostatic attraction in
compound (IV). The calculation of Density
functional theory (DFT) at B3LYP / 6-
311G(d, p) & MP2/6-311G(d, p) level of
theory, showed the calculations gave good
results for the analysis of structural
properties through closely data of the bond
length which is calculated theoretically[C1-
O7] togather with the bond length which is
calculated experimentally.
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