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Abstract

In this study, charge transfer (CT) at the metal (Ag)and 1, 4, 5, 8-Naphthalenetetracarboxylic dianhydride (NTCDA) was
investigated using a non-adiabatic system and quantum transfer theory. The CT rate expression used to estimate the CT rate is
assumed to be a continuum level for the Ag-NTCDA interface. The reorganization energy, driving force, and CT rate of the Ag
- NTCDA system was calculated based on quantum theory. This study examines the effects of reorganization energy,
electronic coupling, and temperature on the CT rate. The results indicate that the solvent polarity and dielectric constant
influence the reorganization energy, and consequently, the CT rate. As the reorganization energy decreases, the CT rate
increases, and vice versa. The electronic coupling between the Ag state and NTCDA molecular state has the strongest
influence on the rate. Increasing the electronic coupling produces a quadratic enhancement of the charge transfer, consistent
with the nonadiabatic CT regime. Temperature effects are also observed with increasing from 305 K to 315 K, leading to a (13-
19) % CT enhancement, depending on the solvent environment. These results demonstrate that the charge transfer rate at the
Ag - NTCDA interface is strongly governing it by the interplay among reorganization energy electronic coupling, temperature

and solvent effect.
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The Metal-molecule interfaces are crucial to investigate
charge transfer CT dynamics that dictate charge injection,
separation and transport in molecularly electronic and
photoactive systems. Factors such as the electronic
interaction between molecular and metallic states, energy
alignment of donor and acceptor levels, nuclear
rearrangement and polarization effects from the environment
determine how fast or slow the CT occur via these
interfaces. Therefore, a correct description and control of the
charge-transfer dynamics in nanoscale systems requires a
comprehensive understanding of such parameterstt 2

Because they combine localized molecular electronic states
with the quasi-continuous electronic states of metallic
substrates, organic molecules adsorbed on noble-metal
surfaces offer useful model systems for investigating
interfacial electron transfer processes. The Ag—NTCDA
interface is an example of a metal-organic system in which
1, 4, 5, 8-naphthalene-tetracarboxylic dianhydride (NTCDA)
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acts as an electron-accepting molecule through its empty
molecular states, whereas the silver substrate provides a
variety of electronic states close to the Fermi level.
Numerous theoretical and experimental investigations of the
interaction between NTCDA and Ag surfaces have
demonstrated the importance of interfacial charge
redistribution and molecule—substrate coupling in defining
the electrical characteristics of metal-organic interfacest3l,

Quantum mechanical and semiclassical techniques have
been applied to improve the theoretical foundation of
electron transfer processes. Marcu’s theory, which links the
transfer rate to elements such as electronic coupling, the
driving power of the reaction, and reorganization energy,
offers a basic foundation for understanding nonadiabatic
electron-transfer processes, this phenomenon occurs when
the electron coupling strength between the donor and the
acceptor is very weak; this means that the electronic state
changes as the electron is rapidly lost between the potential
energy surfaces.

According to the Marcus—Levich model, the reorganization
process is influenced by nuclear and environmental
polarization coordinates, and the CT is defined by variations
in the energy gap between the initial and final electronic
states. The Franck-Condon weighted density of accepting
states, which is produced by these oscillations, establishes
the likelihood of CTI8, Because metallic electrodes provide
a quasi-continuous spectrum of electronic states rather than
a single discrete energy level, the electron-transfer process
at metal-molecule interfaces differ from that in traditional
donor—acceptor systems. The Fermi golden rule is used to
represent the transition probability in the nonadiabatic weak-
coupling scenario, which is computed using time-dependent
guantum mechanics (QM). The density of accessible
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accepting states and the electronic coupling matrix element
between the molecular and metallic states affect the
resulting rate of CTI &, When assessing electron transfer
kinetics, the temperature effects must be considered using
the Fermi-Dirac distribution ( Fz) = 1/1 + exp®/ksT )
because the electronic states of the metal electrode are
thermally filled(.

By altering the reorganization energy linked to charge
redistribution, the solvent environment significantly affects
the electron transfer Kkinetics. According to dielectric
continuum models, the dielectric constant, refractive index,
and geometric parameters defining the molecular—electrode
arrangement all influence the solvent contribution to the
reorganization energyl®. As a result, changes in solvent
properties can affect the driving force and activation energy
of the electron transfer process by changing the stability of
both the initial and final electronic statest%,

The influences of solvent on CT reactions have been
analyzed according Marcu’s theory, Pekar factor (solvent
polarity) and dielectric constant response are important
determines of CT reaction and the value of reorganization
between driving force, reorganization energy and CT rate,
making it a good tool for energy™. In addition, based on
Marcu’s theory predicts a quantitative relationship
describing CT processes in both condensed-phase and
nanoscale systems!® 121, While metal-organic interfaces have
been well-studied, the combined roles of solvent
environment and temperature on interfacial CT Kkinetics
remains insufficiently understood.

This study offers a theoretical analysis of photoinduced CT
at the Ag—NTCDA interface using a nonadiabatic metal—
molecule framework in conjunction with Marcus—Levich
theory. The reorganization energy, driving force energy, and
electron-transfer rate constant were evaluated by considering
the electronic coupling between the metallic and molecular
states, Franck—Condon weighted density of accepting states,
solvent effects, and temperature-dependent occupation of
metallic states[,

This study systematically investigates how varying solvent
environments and temperatures affect electron transfer
kinetics to elucidate the relationship between solvent
properties, energetic parameters, and CT behavior at the
Ag-NTCDA interface.

Theory

It can be considered a heterogeneous interface formed
between generic metallic electrode M possessing a quasi-
continuous manifold of electronic states close to the Fermi
level and a molecular species D in acceptor, whose
electronic state is localized at the interfacial region, as in the
standard two-state treatment of interfacial CT. The
composite electronic wave function of the coupled M/D
system is expanded over a complete, orthonormal set of
basis states y,, 14
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where 4, is the time-dependent expansion coefficient of the
basis state |y,) and E, is the corresponding eigenenergy.
Following an Anderson-type partition of the interfacial
Hamiltonian, the total Hamiltonian of the coupled system is
written astdl:

where H,, and H,, are the unperturbed Hamiltonians of the
isolated electrode and molecule, respectively, and Hy,pis
the interfacial coupling (tunneling) Hamiltonian that
mediates charge exchange across the contact region. The

stationary eigenvalue problem for the composite system
follows directly4

H [Ym/p)= Hy + Hwyp + Hvyp)|¥m)n) - @)

Inserting Egq (2) into the time dependent Schrodinger
equation:

_d o
i [¥w/p) = (Hy + Hp + Hupp) 1¥mp) . (4)

Substituting expansion (1) into equation (4) and projecting
onto the basis set yields the equation of motion for
coefficient A, (¢t).

i(EM—Epyt

L9 S o
i Ay(6) = ZAk(t) Aype™ 7 .. (5)
k=0

The probability that a charge initially localized on M is
found on D after a time t is obtained by summing the square
coefficient over the accessible final state[€,

P(t - ) =Z|Ak(t)|2 .. (6)
k

Integrating Eq. (5) to first order in the coupling (weak
coupling/perturbative limit) yields an explicit time
dependence of the transition probability as follows:

_UEm—Ep):

n
B, = E A (D)% = |BM/D|2h_2(—e "
Ey —E
- (Em D)

h
where Byp = (xm|Hw/p|xp) is the electronic coupling
matrix element between the metal and molecular statelXd.
Writing hwwp = Ey — Ep, EQ. (7) reduces to:

)

in/Dt

2, . € [ )
P, = |Bwp| Z(T/D)Z - (8)

Using the identity |e™* — 1|2 = 4sin2(§)[@] together with

in2
the long-time lim (“"xf‘t)) =mts(x)1e 19 Eq. (8) can be
written compactly as:
2
Py = |Bwyp| h728(Ey — Epy - (9)

The instantaneous transition rate follows from the time
derivative of Eq. (9), in the spirit of the Fermi golden rule.

2
R = 2m|Bwyp| A8 (Ew — Ep, ... (10)
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Because the metal electrode possesses a quasi-continuum of
states at the Fermi level, the total transfer rate n is obtained
by integrating Eqg. (10) against the density of acceptor states

$(E):

2
Rpyyp = 211’3%’ h—lfp(E)a(EM — EpydE - (11)
To define g(E), we adopt the classical framework proposed
by Marcus and Levich. In this model, the energy gap
between the M and D electronic configurations is influenced
by a continuous classical reorganization coordinate. This
coordinate symbolizes the collective response of the
surrounding lattice and solvent polarization to the
transferred charge. Because this coordinate is linearly
coupled to the reaction and thermally populated, the
instantaneous energy gap exhibits fluctuations that follow a
Gaussian distribution. This distribution is centered on the
equilibrium driving force, with its variance determined by
the thermal energy kgT ,where kg is the Boltzman constant
and T is temperature, and the reorganization energy ($)of
the pair. Consequently, the Franck—Condon-weighted
density of accepting states assumes the well-known
Gaussian (Marcus—Levich) form[22:

o —(H+AV)?
PE) = (4nksT) Texp (C e

where $ is the reorganization energy of the system, kg is the
Boltzmann constant, T is the temperature and AV is the
potential difference across the interface, which is related to
the reaction driving force AG™ by!2LI:

AV =AG - E
Substituting Eq. (12) and Eq. (11) gives:

) .. (12)

.. (13)

—($ + AV)?

- -1
R% 2mh 15k T

2 ;1
B%‘ (4m$kpT) 2 f exp ( 8w~ EnydE (1)

As only electrode states below the Fermi level are occupied,
it is necessary to weight the integrand by the Fermi—Dirac
occupation factor(22,

1
Figy = £ ... (15)

1 + expksT

Inserting F(gyand Eq. (13) in to Eq. (14) becomes;
s P - —($ + AG” — E)?

R% = 2mh~! B%‘ (4m$HkgT) 2 fexp (WF(E)(S(EM .. (16)

— EpydE
Simplify expression in Eq. (16) to give:
=2mh? ’ T5ksT) 7 | ex —(5+AG - B) !
Ru = 2rh B%|(4 HksT) f P 25i,T 1+expﬁ%6(EM . (A7)

—EpydE

Performing energy integration using the § function and
expanding the resulting Gaussian- fermi product to second
order in kgT valid $ >» kgT for yields the following close
from expression for the temperature dependent transfer rate:
m?kgT
- 16551 (18)
However, the reorganization energy associated with CT
between the metal electrode and the molecular acceptor

2 -1
Rm = 2mhA~t (4mHkgT) 2 exp —
D

9
kT <1

Bwm
D
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across the interfacial dielectric medium is estimated from
the dielectric continuum theory as follows(2!:

.. (19)

8me, n?

Here, e represents the electron charge, while €, denotes the
vacuum permittivity, and € is the static dielectric constant
of the surrounding medium. The refractive index of the
medium is indicated by n, D refers to the separation between
the molecular acceptor and the electrode surface
(D=7NTcpa *+Tag), and 7p is the effective radius of the
molecule. The effective radius is estimated based on the
molecular volume as follows(24:

3M
4nNp

where M, N and p are the molecular weight, Avogadro's
number, and mass density of D, respectively.

On the other hand, the theoretical driving force for charge
transfer, AG’, is supplied by the excess energy deposited in
the molecule upon photon absorption, offset by the
reorganization energy required to reach the transition
configuration(2,

AGO = Eabs - 35
where E,ps = hf = hc/A is the absorption energy read
from the molecular absorption spectrum, h is Planck's

constant, ¢ is the speed of light, and 1 is the absorption
wavelength.

)3 .. (20)

mp = (

- (21)

Results and Discussion

The quantum CT rate is a crucial parameter for assessing the
efficiency of CT processes in systems, as it elucidates the
nature and behavior of the CT between the donor and
acceptor. This study employed the quantum Marcus theory
model to investigate the CT in the Ag—-NTCDA system,
where the silver (Ag) surface served as the charge donor and
the NTCDA molecule acted as the charge acceptor. It was
assumed that the energy levels in the system remained
continuous during the CT process.

Theoretical calculations were conducted to ascertain the CT
rate between Ag and the organic molecule (NTCDA) in the
presence of five different solvents: 1,2-dimethoxyethane, N-
methyl-2-pyrrolidone  (NMP), N, N-dimethylformamide
(DMF), acetone, and acetonitrile.

These calculations were based on a model of CT between
the donor and acceptor using MATLAB software. The CT
rate was determined based on a set of parameters
influencing the process, including the reorganization energy
(9 eV), charge coupling coefficient (eV/state), driving force
for the transfer process (AG’), and effect of temperature (T).

The reorganization energy $ (eV)) was computed using
Equation (19), which is a function of the physical properties
of the system. These properties include the radii of the donor
and acceptor, the distance between them, and the dielectric
constant and refractive index of the solvent.
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Equation (20), which is based on the molecular weight
(107.868 g mol™) and density (10.50 g cm™) of Ag [26],
was used to calculate the radii of the silver (Ag) metal, Ag
(159 A) It effect on reorganization energy, the
reorganization energy decreases the reorganization energy
will be increases and vice versa, and NTCDA molecules.
Table 1 displays the molecular weight and density of the
NTCDA molecule. The refractive index and dielectric
constant of the solvents were also considered. The
reorganization energies of the systems in the different
solvents, as indicated in Table 2, were determined using
these parameters, and the reorganization energy findings are
shown in Table 3.

Table 1. The general properties of NTCDAIZ],

CAS 81-30-1
Molecular Formula C14H406
Molar Mass g/mol 268.178
Density (g/cmq) 1.8
Radii (cm) 3.8948 x 108
Index of Refraction 1.782
lonization energy 8 eV
Electron affinity 4eV
Flash Point 280.4+26.8 °C
Table 2. Physical properties of the solvents used in the Ag—
NTCDA system[28],
... | Molecular | Dielectric Refractive
Full Solvent Name Abbreviation Formula. || Constant, e s
1,2-Dimethoxyethane DME CaH1002 7.20 1.379
N-Methyl-2-pyrrolidone NMP CsHsNO 32.1 1.4680
N,N-Dimethylformamide DMF CsH-NO 36.7 1.430
Acetone (Propan-2-one) ACE C;HsO 20.6 1.3588
Acetonitrile ACN CH:CN 35.9 1.344

Table 3. Calculated solvent reorganization energies $ (eV) for CT
in the Ag-NTCDA system(27],

1 1 1 1

— = A=——— eV
n? £ n? ¢ 5EV)

0.5259 | 0.1389 0.3870 0.462

(Solvent) n &

DME | 1.3790 7.2

NMP | 14680 | 32.1 | 0.4640 | 0.0312 0.4329 0.517
DMF | 1.4300 | 36.7 | 0.4890 | 0.0272 0.4618 0.551
ACE |1.3588 | 20.6 | 0.5416 | 0.0485 0.4931 0.588
ACN | 1.3440 | 359 | 0.5536 | 0.0279 0.5258 0.627

According to Equation (19), the reorganization energy (9
eV) increases steadily from 0.462 eV in DME to 0.627 eV in
ACN (Table 3). Instead of being exclusively reliant on € or

n, this pattern is consistent with the Picard coefficient (% -

é). Aprotic polar solvent, such as ACN, require more energy

to undergo rearrangement than solvents with similar optical
and dielectric permittivity’s, such as DME. The fluctuation
of 9 with the solvent is solely due to its polarization,
because the geometric term in Equation (19) remains
constant for a given diameter and distancel®l, The
reorganization energy for solvents was increased with
increases dielectric constant of solvents, this agrees with
experimental results for same solvents with Au metal
contact with Ru dye molecule in literature22,

The order solvents (DME > NMP > DMF > ACE >
ACN) were determined entirely by the value of
reorganization energy. When calculating the ratio
Rm(DME)/Rm(ACN), this ratio consistently approximated

D D
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5.6 at 305 K, irrespective of ’ Although DMF and ACN

possess close dielectric constants (36.7 and 35.9,
respectively), their refractive index indices differ (1.430 and
1.344), leading to significantly different values of
reorganization energy and CT rate.

Equation (21) was used to calculate the average driving
force for the CT process at constant reorganization energy,
represented as AG’ (in eV). This computation considers both
the previously calculated constant reorganization energy and
the variety absorption energy (Eas.). Table 4 provides a
thorough breakdown of the driving-force calculations for the
Ag—NTCDA system in various solvents.
Table 4. Results of theoretical driving force energy (AG° eV)
calculations for the NTCDA molecule in various solvent media at
constant reorganization energy.

Bm
D

Wave length| Absorption DME | NMP | DME | ACE | ACN
A (hm) energy (eV)
250 4.959 4.498 | 4.443 | 4.408 | 4.371 |4.332
300 4.133 3.671 | 3.616 | 3.582 | 3.545 | 3.506
350 3.542 3.081 | 3.026 | 2.992 | 2.954 |2.915
400 3.100 2.638 | 2.583 | 2.549 | 2.511 [2.472
450 2.755 2.294 | 2.239 | 2.204 | 2.167 |2.128
500 2.480 2.018 | 1.963 | 1.929 | 1.891 |1.852
550 2.254 1.793 | 1.738 | 1.703 | 1.666 |1.627
600 2.066 1.605 | 1.550 | 1.516 | 1.478 |1.439

Table 4 shows that when the wavelength decreases and the
absorption energy increases, the driving force energy (AG’)
for the system increases, and vice versa. The structure of the
material, the properties of the Highest Occupied Molecular
Orbital HOMO and Lowest Occupied Molecular Orbital
LUMO energy levels for NTCDA, and the energy levels at
the Fermi level for Ag metal all affect the potential at the
interface.

Following the determination of the reorganization energy,
driving force, and electronic coupling coefficient Bm= (0.25,

D
0.5,0.75, 1, 1.25, 1.5, 1.75, 2) x 103 eV the CT rate Rm (s?)

D

for the Ag-NTCDA system was computed using Equation
(18). These calculations were conducted at temperatures of
305 and 315 K using MATLAB to examine the impact of
temperature on the CT efficiency. The CT rates in the
presence of various solvents were obtained, and the results
are displayed in Table 5 and Figure 1 for 305 K and in
Table 6 and Figure 2 for 315, respectively.

Table 5. Calculated CT rate constants Ru (s) for the Ag-NTCDA
D

system in different solvent media at 305 K.

Bu|(eV) | DME NMP DMF ACE ACN
D

0.25x10% |1.825x107|1.029x107|7.194x10°|4.887x105|3.272x108

0.50x10-% |7.300x107|4.114x107|2.878x107|1.955x107 | 1.309x107

0.75x1078 [1.643x10%|9.257x107|6.475x107|4.399x107| 2.945%107

1.00x10% |2.920x108| 1.646x108|1.151x108|7.820x107 |5.235%107

1.25x103 |4.563x108|2.571x108|1.799x108|1.222x108|8.180x107

1.50x10|6.570x108|3.703x108|2.590x108|1.759x108| 1.178x108

1.75x10% |8.943x108|5.040x108| 3.525x108| 2.395x108| 1.603x 108

2.00x1073 |1.168x10°|6.583x108|4.604x108| 3.128x108| 2.094x108
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Figure 1. Behaviour of charge transfer Rate Constants Ru (s%)
for the Ag—-NTCDA System as function of strength couplirfg @),
and reorganization energy (b).
Table 6. Calculated CT rate constants Ru (s1) for the Ag-NTCDA

D
system in different solvent media at 315 K.
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Bu((eV) | DME NMP DMF ACE ACN
D

0.25x107% |2.062x107|1.182x107|8.352x106|5.739x10°| 3.887x10°

0.50x107 |8.248x107|4.727x107|3.341x107| 2.295x107| 1.555x107

0.75x10% |1.856x108|1.063x108|7.517x107|5.165%107 | 3.499x107

1.00x10-% |3.299x108)1.891x108|1.336x107|9.182x107 |6.220x107

1.25x10 |5.155x108|2.954x10%|2.088x108|1.435x108|9.719x107

1.50x1073 | 7.423x108|4.254x108|3.007x108 | 2.066x108 | 1.399x10°

1.75x107 |1.010x10°|5.790x108 | 4.093x108 | 2.812x108 | 1.905x10°

2.00x10|1.320x10°| 7.563x108|5.345x108|3.673x108) 2.488x 108

The results of charge transfer rate in tables (5) and (6)
together figures (1) and (2) in a with strength coupling and
reorganization energy in b show the charge transfer rate
increases with decreases in reorganization energy while the
charge transfer rate increases with increases strength
coupling and vice versa. However, the results in many
experimental data indicates that DMF solvent was suitable
solvent with NTCDA contact with AgE® 31, that’s agree
with results in Table 5 and Table 6.

A comparison of Rm (s~') in (Table 5, Table 6 with
D

Figure 1) shows that the rate produce s will be increase
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with increasing coupling between NTCDA and Ag, the
lowest Rm at every value of Vpa with (ACN) solvent has

D
the highest reorganization energy.

(3)50- —=— DME
—— NMP
504 —— DMF
—— ACE
—+— ACN
40-
=
>
- 30-
w
a
S
X 50
10
0.0 T T T T T T 1
02 04 06 08 10 12 14

[Byol x 10° (V)

(b) 14.0 -

12.0 4

10.0 A *,

4.0 4 *
L]

2.0 4

—=—0.25x10%
—e—0.50x 107
—a—0.75x10%
—»—1.00x107
—+—125x10%
—e—150x10%
—*—1.75x 107
—e—200x10%

@
o
1

Rl.\lxm (5_1) x 10°

0.0 T T T
0.45 0.50 0.55 0.60 0.65

Reorganization Energy (9 ¢V)
Figure 2. The charge transfer Rate Constants Rm (s1) for the

D
Ag—NTCDA System as function of strength coupling (a) and
reorganization energy(b).

The information shown in Tables 5, 6 and Figures 1, 2
show that electronic coupling between the Ag surface and
NTCDA molecule is a crucial factor in determining the CT
rate, in addition to the solvent effect. For each solvent
(DME, NMP, DMF, ACE, and ACN) studied, the transfer
rate significantly increased as the electronic coupling
coefficient increased. The Fermi golden rule, which states
that the transfer rate is directly proportional to the square of

the (

present results show that, rather than a single electronic
characteristic, the CT rate dynamics at the Ag—NTCDA
interface are affected by several linked parameters. The
driving force for the transfer process, electronic coupling
between the metal and the molecule, reorganization energy
resulting from the rearrangement of the surrounding
medium, and the effect of temperature on the occupancy of
metallic electronic states are some of these parameters. The

2
) value, is consistent with this observation. The
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results show that the effectiveness of CT in metal-molecule
systems depends on a careful balance between promoting
CT and providing the energy needed for system
rearrangement after transfer. This relationship was clearly
evidenced by the observed increase in the transfer rates
when the electronic coupling coefficient was elevated from
(0.25 x 1073) to (2.0 x 1072) eV. The maximum CT rate
was observed at an electronic coupling coefficient of
(2.0 x 107%) eV, ranging from (1.168 x 10° to 1.168 X
10%)(s™1) at 305 K and 315 K for all solvents. The results
of charge transfer rate behavior agree with experimental
results (from 5.68x 107 1/sec to 1.11 x 108 1/sec for system
with Toluene solvent and from 3.13 x 10®1/sec to 3.57 x 108
1/sec for system with Benzonitrile solvent!22 331,

The results indicate that enhancing the electronic coupling
between the metal (Ag) and the molecule (NTCDA)
constitutes an effective strategy for augmenting charge
transfer. This trend is consistent with the theory of non-
adiabatic charge transfer, in which quantum considerations
are combined with the electronic coupling constant and the
density of acceptable states, weighted by the Franck-Condon
factor, to determine the transfer rate. The data presented in
Tables 5 and 6 demonstrate that an increase in the
reorganization energy corresponds to a decrease in the CT
rate, and vice versa.

The results further indicate that temperature (T) has a direct
impact on the kinetics of CT at the Ag—NTCDA interface.
This resulted an increasing the temperature from (305 to

315)K led to a 13-19% promotion in Rwm across all solvents.

D
2

For instance, in DME at |Bm| =1.00 X 1073eV, the CT
D

rate increases from 2.920 x 10% to 3.299 x 10%s™*. This
moderate increase is attributed to the interplay between the

-1
coefficient (4nHkgT) 2 and the correction term [1—
m2kgT.
169
expand. The influence of temperature encompasses not only
the enhancement of nuclear fluctuations but also the
alteration of the availability of electronic states that
participate in charge transfer. These patterns are consistent
with prior Marcus-based research on dye and quantum
systems, which demonstrated that the rate increased with
enhanced coupling and decreased as the reorganization
energy increased2 20 28],

], as the occupation of the Fermi—Dirac states near Er

Conclusion

In this work, the Ag-NTCDA system was studied using a
non-adiabatic system and quantum theory, and the Picard
Factor (solvent polarity), reorganization energy, and charge
transfer rate were estimated theoretically using the
MATLAB implementation of the proposed model. The
results indicate that the Picard coefficient plays a significant
role in determining both the reorganization energy and CT
rate. The reorganization energy values were between 0.462
and 0.627 depending on the solvent. When the
reorganization energy decreased, the charger transfer
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increased to transfer from the Ag donor to the NTCDA
molecule Accepter. In additional effect on increasing of
charger transfer in the Ag - NTCDA interface when the
electronic coupling increasing, the highest CT rate was
achieved for DME with electronic coupling of (0.25-
2) X 1073eV, whereas ACN solvent with 0.25 exhibited the
lowest rate. The CT rate of Ag metal upon contact with
NTCDA increases with temperature due to the increased
Kinetic energy of the electrons and decreased rearrangement
energy, as described by Marcu’s theory. Increasing the
temperature in 305K and 315K enhanced the CT rate by
approximately 13-19% depending on the solvent. These
results suggest that the CT efficiency at metal-molecule
interfaces are controlled by the combined effects of
electronic  coupling, solvent-dependent reorganization
energy, and temperature, requiring a unified treatment in
accordance with Marcu’s theory.
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