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The title compound 4-(2-(4,5-dimethyl-2-(3,4,5-trimethoxyphenyl)- 1 H-imidazol-1-yl)morpholine (DMTPM) was synthesized using a
one-pot multicomponent approach. The molecular structure of the compound was charcterized with 'H & "*C NMR, HR-MS and single-
crystal X-ray diffraction. In the ground-state, DMTPM molecular geometry was determined using the DFT based on B3LYP/6-31G(d,p) |

were performed and the results obtained were compatible with the electronic properties. |

| and compared to the experimental results. In addition, molecular electrostatic potential (MEP) map and molecular frontier orbitals (MFO) |

Keywords: 1,2,4,5-Tetrasubstituted imidazole, Multi-component reaction, DFT. |

INTRODUCTION

Heterocyclic compounds are the largest and most assorted
group of organic compounds. Various heterocyclic compounds
are known today and the number is expanding quickly step by
step due to its tremendous synthetic approach and their appli-
cations in various fields. Nitrogen based heterocycles are of
specific significance in the pharmaceutical industries. Among
nitrogen based heterocyles, imidazole and its derivatives have
recently been reported to draw attention due to their unusual
optical properties [1-3]. In preparation for functionalized
materials [4-8], these compounds play an exceptionally vital
role in chemistry as synthetic reactions for mediators.

Imidazole nucleus also features human species including
histidine, vitamin B12 and the component’s base DNA structure,
purines, histamine and biotin. They also exist in the composition
of some molecules of synthetic or natural drugs such as cime-
tidine, azomycin and metronidazole. They have also exhibited
important analytical properties in fluorescence and chemil-
uminescence [9-11]. Imidazole ring systems demonstrate various
biochemical processes [12-14] and play a most important role
in pharmaceutical activity. Imidazoles have been used in recent

years as colouring supersensitized solar cells (DSSCs) [15,16],
non-linear optics (NLO) [17,18] and organic light-emitting
diodes (OLED) [19,20]. Substituted imidazole derivatives were
revealed to exhibit remarkable fluorescent behaviour using
simple, cost-effective applications of fluorescent sensors that
were successfully used to achieve [21,22]. In addition, a unique
solvatochromic behaviour of imidazole derivatives has been
further explored, which can help in understanding the biological
microenvironment [23-25]. In this work, we synthesized 4-
(2-(4,5-dimethyl-2-(3,4,5-trimethoxyphenyl)- 1 H-imidazol-1-
yl)ethyl)morpholine (DMTPM) and characterized with 'H &
BC NMR, HR-MS and single-crystal X-ray diffraction techni-
ques. In addition, the DFT analysis such as molecular geometry
parameter, Mulliken, MEP, NBO, HOMO-LUMO and thermo-
dynamic properties were calculated using B3LYP/6-31G(d,p).

EXPERIMENTAL
Synthesis of 4-(2-(4,5-dimethyl-2-(3,4,5-trimethoxy-
phenyl)-1H-imidazol-1-yl)ethyl)morpholine (DMTPM): A
mixture of butane-2,3-dione (1 mmol), 3,4,5-trimethoxybenz-

aldehyde (1 mmol), 2-morpholinoethanamine (1 mmol) and
C,H;NO, (2 mmol) in the presence of SO,*/Y,0; catalyst (50
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mg) in ethanol (20 mL) was refluxed [26]. The reaction blend
was then stirred for 10 h at 80 °C. The progress reaction was
monitored via TLC. The crude yield was thus obtained by puri-
fying the column chromatography with silica gel (100-120
mesh size) using hexane:ethyl acetate in the 4:1 (v/v) ratio as
an eluent to the yield of tetrasubstituted imidazole (DMTPM).
Yield 97%; white crystal; m.p. 90-93 °C; 'H NMR (CDCls,
400 MHz) 6 2.12 (d, J = 1.2 Hz, 6H), 2.25 (s, 4H), 2.45 (t, J =
7.2Hz,2H),3.49 (s,4H),3.78 (d, /=12 Hz,9H), 3.97 (t, J =
6.8 Hz, 2H), 6.70 (s, 1H); *C NMR (CDCls, 100 MHz) 8 8.9,
11.4,42.0,53.7,55.9,56.2,56.5, 58.3, 60.8, 66.4, 106.4, 106.7,
123.5,124.9,131.8, 138.7, 145.2,150.2, 174.7; HRMS (ESI):
calculated for Cy0H30N;04 [M+H]* 376.2236; found 376.2238.

The synthesized compound 'H & "*C NMR spectrum was
analyzed on CDCl; using a 400 MHz NMR spectrometer from
Bruker Avance. The 'H & C NMR have been referred to TMS
as an internal standard. A Bruker Maxis computer uses high-
resolution mass spectra (HRMS) for electrospray ionization.
Single crystal X-ray analysis for crystal was conducted in
methanol. Diffraction results were collected at 295 K with a
crystal size of 0.20 x 0.20 x 0.25 mm using a Bruker, 2004
APEX?2 diffractometer with graphite monochromated MoKo
radiation (A =0.71073 A). The structure was analyzed by direct
methods and refined by full-matrix least-squares calculations
with the SHELXL program [27] with anisotropic thermal
parameters. All non-hydrogen atoms and all the solvent atoms
were refined anisotropically [28]. In addition, CCDC-1033634
for DMTPM, crystallographic data has been deposited with
the Cambridge Crystallographic Data Centre.

Computational method: The molecular geometry of
DMTPM was designed with a hybrid functional B3LYP/6-
31G(d,p) basis set using the DFT process. All calculations were
performed with software package Gaussian 03W [29]. The bond
parameters, optimized structure, calculations for NLO, NBO,
HOMO-LUMO and MEP were analyzed at the same stage of
theory and plotted using the Gauss view method.

RESULTS AND DISCUSSION

4-(2-(4,5-Dimethyl-2-(3,4,5-trimethoxyphenyl)- 1 H-imid-
azol-1-yl)ethyl)morpholine (DMTPM) was synthesized by
condensing butane-2,3-dione, trimethoxybenzaldehyde, 2-
morpholinoethanamine and ammonium acetate in the sulphated
yttria-catalyst ratio 1:1/1:2 using a multi-component one-pot
reaction. The synthesized compound based on spectroscopic
techniques (‘"H & C NMR, FT-IR and HRMS) was thoroughly
characterized.

The aromatic protons are confirmed by 'H NMR spectrum
of DMTPM by the signal detected at 8 6.70 ppm with a sharp
singlet of the integral value of two protons. One triplet with
allocated methylene carbon C6 appeared in the higher freq-
uency region at 8 3.97 ppm. The carbon C7 of the additional
methylene protons appeared as a triplet at  2.45 ppm. The
methoxy protons turned up at 3.78 ppm with an integral value
of nine protons. Furthermore, two sets of methylene protons
at N8 are allocated to deshielded signal appearing as a singlet
at 6 3.49 ppm and the two methy] protons show up as a doublet
at §2.12 ppm.

In *C NMR spectrum, a signal at 8 174.7 ppm is clearly
due to C=N signal. The aromatic carbon signals appear at
153.6-106.4 ppm. The observed signals are allocated to CH,
carbons C6 & C7 at 8 42.0 and & 58.3 ppm and methylene
carbon (C10 & C12) signal observed at 8 66.4 ppm. The signal
at 8 53.7 ppm corresponds to methylene carbons at C9 & C13.
At 3 58.3 ppm and the methoxy carbons appear at 8 56.3 ppm
and the signals at 8.9 and 11.4 ppm are due to the two methyl
carbons in C4 and C5. The high-resolution mass spectrum of
DMTPMs, the [M+H]" signal measured at m/z 376.2236, is
excellent compliance with the value calculated m/z 376.2238.

X-ray crystal structure: The crystal data and structure
refinement parameters are given in Table-1 for title compound.
The ORTEP of DMTPM is shown in Fig. 1. The crystallo-
graphic data of X-rays show that the DMTPM crystallized with
space group p-1 in the triclinic system. In general, the length
of the bond imine (C=N) is the estimated shorter than the length
of the bond amine (C-N). In DMTPM, the bond distances for
imine C7=N1 and amine C7-N2 are also 1.323 (4) and 1.363
(4) A, showing the cyclic imine formation between atoms C7
and N1. The ring bonds of the distances selected are C8-C9
1.353 (5) A, C8-N11.371 (5) A, C9-N2 1.392 (5) A, C11-N3
1.444 (4) A, C13-04 1.410 (7) A, C14-04 1.389 (7) A and
CI15-N3 1.464 (5) A. The molecule of the selected dihedral
angles are C14-04-C13-C12 58.0 (6)°, C14-C15-N3-C12
-56.3 (5)°, C14-C15-N3-C11 -178.3 (4)°, C15- C14-04-C13
-56.5 (6)°, C10-C11-N3-C15-172.7 (3)°, C11-C10-N2-C9 81.5
(4)° and C11-C10-N2-C7 -101.0 (6) (4)°. The data showed
that two C-8 and C-9 methyl groups are in the same plane as
the imidazole ring network, while the C-7 trisubstituted phenyl
ring and the N-2 ethyl morpholine deviate with planarity. The
respective 34.47° (N1-C7-C4-C3) and -101.09° (C7-N2—-
C10-Cl11). Table-2 listed the specified bond lengths, bond angles
and torsion angles. A chair conformation is adopted by the

TABLE-1
CRYSTAL DATA AND STRUCTURE
REFINEMENT FOR DMTPM
Parameters DMTPM

Empirical formula C,,H33N;04

Formula weight 435.51

Temperature (K) 295

Wavelength (L) 0.71073 A

Crystal system, space group
Unit cell dimensions

Volume (V)

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Final R indices [I>206(I)]

R indices (all data)

CCDC

Triclinic, P-1

a=10.1649(9) A o= 107.413(8)°
b =11.4456(10) A B = 90.023(7)°
c=11.7215(11) A y=111.910(8)°
1197.52(19) A®

2, 1.208 Mg/m®

0.094 mm*

468

0.20 x 0.20 x 0.25 mm

2.7 10 26.3°

-12<=h<=12, -12<=k<=14,
-12<=l<=14

8627 / 4898 [R(int) = 0.029]
R1=0.1089, wR2 = 0.3295

R1 =0.1597, wR2 = 0.3875
1033634




Vol. 33, No. 3 (2021)  Synthesis and DFT Studies of 4-(2-(4,5-Dimethyl-2-(3,4,5-trimethoxyphenyl)-1H-imidazol-1-yl)ethyl)morpholine 613

Torsional angles (°)

N2-C7-N1-C8 -0.4(4) 0.17457
C4-C7-N2-C9 179.0(3) -177.12591
C4-C7-N2-C10 1.2(6) -3.84204
N1-C7-N2-C9 0.5(4) 0.05260
N1-C7-N2-C10 -177.4(3) 173.33646
C19-C8-C9-C20 -1.6(7) 2.66634
C19-C8-C9-N2 178.8(4) -179.18715
N1-C8-C9-C20 179.8(4) -177.77462
N1-C8-C9-N2 0.2(4) 0.37188
C9-C8-N1-C7 0.1(4) -0.34290
C19-C8-N1-C7 -178.6(4) 179.25895
C8-C9-N2-C7 -0.4(4) -0.25490
C8-C9-N2-C10 177.5(3) -173.81346
C20-C9-N2-C7 179.9(4) 178.07565
Fig. 1. ORTEP of 4-(2-(4,5-dimethyl-2-(3,4,5-tri-methoxyphenyl)-1H- SV EAelly <) SRy
imidazol-1-yl)ethyl)morpholine (DMTPM) N2-C10-C11-N3 1532(3) -177.77925
C11-C10-N2-C7 -101.0(4) 103.38248
TABLE-2 C11-C10-N2-C9 81.5(4) -84.47312
X-RAY AND THEORETICAL CALCULATIONS C10-C11-N3-C15 -172.7(3) 73.17261
FOR DMTPM AT B3LYP/6-311G (d, p) LEVEL N3-C12-C13-04 -59.3(6) -28.91218
Bond lengths (A) XRD B3LYP 6-31G(d, p) C13-C12-N3-Cl11 -179.1(4) 109.36734
C7-N1 1.323(4) 1.32430 C13-C12-N3-C15 56.7(5) -31.42091
C7-N2 1.363(4) 1.38324 C12-C13-04-C14 58.0(6) 68.68825
C8-C9 1.353(5) 1.37994 04-C14-C15-N3 56.7(5) -19.23313
C8-C19 1.488(5) 1.49759 C15-C14-04-C13 -56.5(6) -42.67902
C8-N1 1.371(5) 1.37233 C14-C15-N3-C11 178.3(4) -83.61464
C9-C20 1.496(6) 1.49394 Cl14-C15-N3-C12 -56.3(5) 56.82667
C9-N2 1.392(5) 139276
C10-N2 1.459(4) 1.46337 morpholine ring (N3/04/C12-C15) The parameters for puck-
C11-N3 1.444(4) 1.45396 ering are Q = 0.5596 (4) A, =176.74 (4)° and @ =294.32 (5)°
Cl13-04 1.410(7) 1.41889 [30]. The crystal packing structure of DMTPM is shown in Fig. 2.
Cl14-04 1.389(7) 1.42768
CI15-N3 1.464(5) 1.45691
Bond angles (°)
NI1-C7-N2 109.7(3) 111.00115
C9-C8-C19 128.6(4) 129.06682
C9-C8-N1 109.6(3) 110.23875
C19-C8-N1 121.8(3) 120.69300
C8-C9-C20 131.94) 131.09283
C8-C9-N2 105.9(3) 105.67511
C20-C9-N2 122.2(3) 123.20606
C11-C10-N2 111.3(3) 112.19305
C10-C11-N3 112.7(3) 118.17312
C13-C12-N3 109.3(4) 111.82580
C12-C13-04 111.8(5) 110.37008
C15-C14-04 112.3(4) 111.00762
C14-C15-N3 111.5(4) 113.09155
C7-N1-C8 107.4(3) 106.48723
C7-N2-C9 107.4(3) 106.59645
C7-N2-C10 128.1(3) 128.12842
C9-N2-C10 124.4(3) 124.91287
CI11-N3-C12 113.3(3) 117.20120
C11-N3-C15 111.4(3) 118.00936
C12-N3-C15 108.5(3) 111.83951
C6-01-C16 118.5(3) 120.29494
C1-02-C18 115.3(6) 116.62336 Fig. 2. Packing diagram of 4-(2-(4,5-dimethyl-2-(3,4,5-tri-methoxyphenyl)-

C2-03-C17 117.9(3) 118.06492 1H-imidazol-1-yl)ethyl)morpholine (DMTPM)
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Geometric analysis: The structural parameters of the
synthesized DMTPM obtained from DFT/B3LYP/6-31G(d,p)
were compared with single-crystal XRD. All the parameters
agreed well with the XRD values. Table-2 provides the specified
structural parameters. The optimized DMTPM structure is
shown in Fig. 3.

Fig. 3. Optimized structure of 4-(2-(4,5-dimethyl-2-(3,4,5-tri-methoxyphenyl)-
1H-imidazol-1-yl)ethyl)morpholine (DMTPM)

HOMO-LUMO energies: Frontier molecular orbitals
such as HOMO and LUMO were used to identify the molecular
interactions in organic compounds. The FMO distance assists
in characterizing the molecule’s chemical reactivity and kinetic
stability. A small orbital frontier distance with a molecule is
more polarizable and more generally associated with greater
chemical reactivity, lower kinetic stability and is often called
a soft molecule [30]. The 3D FMO plots are shown in Fig. 4.
The HOMO is found in the imidazole, morpholine and the
phenyl rings at the imidazole and phenyl ring in the DMTPM,
in the C-7 region. The energy gap obtained for title molecule
was 3.2924 eV. DMTPM will be a better choice for electronic
applications than the load-transfer relationship that ends.

NBO analysis: For DMTPM, natural bond orbital was
performed at the DFT/B3LYP/6-31G(d,p) stage to elucidate
intra-molecular, hybridization and delocalization within the
molecule’s electron density. The value of hyperconjugative
EDT (interaction and transition of electron density) to lone

LUMO PLOT

(First exited state)

4" ]
VvV
£

4,.w

—5.33316 eV

ELUMO -

AE =3.29241 eV

ErOMO = -8.62557 eV

HOMO PLOT

(Ground state)
Fig. 4. HOMO and LUMO structure of 4-(2-(4,5-dimethyl-2-(3,4,5-tri-
methoxyphenyl)-1H-imidazol-1-yl)ethyl)morpholine (DMTPM)

pair electrons was analyzed and the findings are summarized
in Table-3. Several donor-acceptor interactions for imidazole
were observed and among the most highest occupied. NBOs
are the most critical delocalization sites in the network and
the O and N atoms in the lone pairs (n). The intramolecular
interaction is formed by the bonding (LPN19) and n(LPO47)
and antibonding between nt*(C16-N20) & ©*(C17-C18) and
¥ (C22-C24) orbitals between the orbital overlap. Such
interactions are observed in the C16-N20, C17-C18 and C22-
C24 antibonding orbital with an increase in electron density
that weakens the bonds. The most important interaction energies
of n(LPN19) nt-n*(C16-N20) & ©*(C17-C18) and n(LPO47)
n-n*(C22-C24) are 48.85, 31.37 and 29.11 kcal/mol,
respectively. The greater energy helps the molecular structure
with the stabilization.

Mulliken atomic charges: The Mulliken atomic charge
of the DMTPM was calculated using the B3LYP/6-31G(d,p)
level. This calculation depicts the charges in every atom of
the molecule. The charge distribution structure is shown in
Fig. 5. The O52 is considered more basic site than other atoms
(520 =-0.544821a.u). The charge distribution of nitrogen and
oxygen atoms present in the morpholine ring is also more basic
(410 =-0.481659 a.u & 20N =-0.537469 a.u) 16C is consi-
dered more positive charge compared to other atoms (16C =

TABLE-3
SIGNIFICANT DONOR-ACCEPTOR INTERACTIONS OF DMTPM AND THEIR SECOND-ORDER PERTURBATION ENERGIES

Type Donor (i) ED/e Acceptor (j) ED/e E(2) (kcal/mol)  E(j) — E(i) (a.u.) Fd, j) (a.u.)
T-T0* C16-N20 1.83878 C17-C18 0.33196 21.97 0.34 0.080
T-T0* C21-C23 1.70001 C26-C28 0.41241 22.33 0.27 0.072
T-T0* C22-C24 1.69739 C21-C23 0.39465 20.45 0.30 0.071
T-T0* C26-C28 1.68493 C22-C24 0.38003 20.85 0.30 0.071
n-r* LP(1) N19 1.56277 C16-N20 0.42433 48.85 0.28 0.104
n-1* - - C17-C18 0.33196 31.37 0.30 0.089
n- * LP(2) 047 1.84606 C22-C24 0.38003 29.11 0.35 0.095
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Fig. 5. Mulliken atomic charges of 4-(2-(4,5-dimethyl-2-(3,4,5-tri-
methoxyphenyl)-1H-imidazol-1-yl)ethyl)morpholine (DMTPM)

0.396183 a.u). The distribution of the charges indicates that
the more negative the charges are concentrated on the oxygen
and nitrogen atoms, the more positive charges are found in the
hydrogens [31,32].

NLO effects: Non-linear optical is a forerunner of current
research that provides key functions of optical switching, optical
modulation, optical logic frequency shifting and optical memory
in emerging technologies such as optical interconnections signal
processing and telecommunications [33,34]. When describing
non-linear optical properties, an external radiation field is often
approximated as an external dipole moment. This external
dipole moment is caused by a polarization molecule which is
due to induced dipole moment. This molecular system of first
hyperpolarizability () is calculated using the B3LYP/6-31G-
(d,p) method, based on a finite field approach. The estimated
DMTPM values for hyperpolarizability are given in Table-4.
Urea is one of the reference molecules used in molecular systems
to test NLO properties and also used for comparative purposes.
The DMTPM measured first hyperpolarizability (B,) is 6.7777
x 107 esu, which is eighteen times greater than that of urea
(Biot 0.3728 x 10*%su). Thus, this molecule may serve as a
nonlinear optical material for a prospective building block.

Molecular electrostatic potential map: The MEP surface
diagram is used to define a molecule as reactive behaviour,
where negative regions with positive electrophilic sites can be
considered nucleophilic centers and neutral regions. The MEP
map of DMTPM (Fig. 6) suggests that the methoxy group and
the N12, N19 and N20 atoms represent the most negative
potential region but the N (nitrogen) atoms seem to be compar-
able to the small negative potential of the O (oxygen) atom.
The H atoms attached to the six-membered rings bear the maxi-
mum charge of the (blue region) positive charge. The two
extremes (dark blue and red colour) between a potential half-
way to the MEP surface correspondence in the green region of
the predominance.

Thermodynamic properties: On the source of vibrational
investigation, the statistical thermodynamic functions viz., the
heat S°, (entropy), C° (capacity), m and AH’, (enthalpy)

TABLE4
MOLECULAR ELECTRIC DIPOLE MOMENT (u) (Debye),
POLARIZABILITY (0,) AND HYPERPOLARIZABILITY

(B,) VALUES OF DMTPM
Parameters B3LYP/6-31G(d,p)
Dipole moment (?) Debye
My 0.2882269
u, -0.4412811
W, -0.2231086
u 0.57234 Debye
Polarizability (o) x 10 esu
Olyy 322.5383691
Oy 23.3236146
Oy 295.8015294
o, -8.2585235
o, 11.3039826
o, 158.6072677
0% 0.67120 x 10* esu
Hyperpolarizability (B,) x 10* esu

Broxx -260.4087215
By -516.2294762
Bryy -345.9189170
Byyy 20.3705511
Bo -31.1109397
B, 33.8066695
Byyz 18.0488183
B,,, 13.9999788
By -15.6380871
B, -41.6368227
By 6.77771 x 10 esu

Standard value for urea (u = 1.3732 Debye, B, = 0.3728 x 10 esu):
esu-electrostatic unit

Electrostatic potential
0.0456

0.00718

-0.0312

-0.0696

. -0.108

Fig. 6. MEP surface diagram of 4-(2-(4,5-dimethyl-2-(3.4,5-tri-methoxy-
phenyl)-1H-imidazol-1-yl)ethyl)morpholine (DMTPM)

changes of the DMTPM were obtained from theoretical harm-
onic frequencies. From Table-5, it can be fulfilled that these
thermodynamic functions are those with rising temperature
ranging from 100-1000 K with the fact that the molecular
vibrational intensities increase with temperature. The thermo-
dynamic properties of the correlation equations between heat
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TABLE-5
THERMODYNAMIC PROPERTIES AT
DIFFERENT TEMPERATURE OF DMTPM

T (K) S (J/mol K) Cp (J/mol K) ddH (kJ/mol)
100 463.55 203.92 12.25
200 643.25 324.71 38.86
300 797.26 444.73 77.25
400 942.22 568.14 127.93
500 1081.32 680.03 190.48
600 1213.94 774.83 263.36
700 1339.50 853.84 344.92
800 1457.96 919.94 433.70
900 1569.62 975.70 528.56
1000 1674.94 1023.06 628.56

entropy, capacity, enthalpy changes and temperatures were
calculated by fitting the quadratic formulae and the correspon-
ding fitting factors (R;) t0 0.999, 0.999 and 0.999, respectively.
The DMTPM is shown for the temperature dependence of the
heat capacity, entropy and enthalpy. The corresponding fitting
equations are as follows:

Chm=9.5422 + 0.04029 + 3.55927 x 10° T* (R* = 0.999)
St =5.52418 + 0.02332 + 2.06054 x 10” T* (R* = 0.999)
AHY, = 4.91692 + 0.02076 + 1.83403 x 10° T* (R* = 0.999)

Further studies on the thermodynamic data gives helpful
information on the DMTPM. They can be used to calculate
the further thermodynamic energies according to the thermo-
dynamic functions of the relationships and to the chemical
reactions of the thermodynamics second law.

Conclusion

In conclusion, a novel 4-(2-(4,5-dimethyl-2-(3,4,5-tri-
methoxyphenyl)-1H-imidazol-1-yl)ethyl)morpholine (DMTPM)
was synthesized and their structure was confirmed 'H & "C
NMR, HR-MS and single-crystal X-ray diffraction. The X-ray
data were compared with the DFT studies obtained from the
data. All the theoretical bond parameters are in excellent con-
formity with the XRD values. Characterization of stabilization
caused by ICT results from (LPN19) and n*(C16-N20) bond
orbital overlap between the NBO results reflecting the charge
transfer. The DMTPM of the molecular hyperpolarizability is
6.7777 x 10* esu and is about 18 times greater than the standard
urea value (B of urea is 0.3728 x 10’ esu). Hence, the DMTPM
can be used as a potential NLO material. Thermodynamic func-
tions such as heat capacity, entropy and enthalpy values increase
with increasing temperature at a given temperature.
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