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Abstract: The paper presents a theoretical study of the sorption mechanisms of tripropylamine, triisopropylamine,
trihydroxypropylamines, and tetrapropylammonium chloride on the surface of copper phthalocyanine containing a metal
atom, using density functional theory. The critical points of QTAIM, IRI, and charge distributions in sorbate-sorbent
complexes were analyzed to investigate the interaction mechanism between the sorbate molecule and the surface.
It was found that trialkylamines exhibit a higher binding energy with the surface than trialkylaminoalcohols due to their
lower interaction energy with the solvent. In all cases, the binding of sorbate molecules to the surface is primarily driven
by electrostatic and dispersion interactions; however, the presence of bonds with orbital overlap significantly enhances the
stability of the complexes. The complex with the quaternary ammonium salt is the most stable due to a combination of
electrostatic and orbital interactions. In the complex with a quaternary ammonium cation, significant polarization of the
surface toward the crystal interior is observed, which may increase the interaction energy between molecules in the surface
layers and reduce the solubility of modified particles in polar solvents. In all complexes with orbital overlap, the
3d22 -orbitals of the copper atom contribute from the surface side.
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Annotanus: [IpoBeneHO TEOpeTHUECKOE HCCIICIOBAHINE MEXaHU3MOB COPOIMH TPUIPONHIAMHUHA, TPHH30MPOIHIAMIHA,
TPUTHAPOKCUTIPOTIIIIAMIHOB U XJIOPHIA TETPAIPONMIAMMOHHS Ha TOBEPXHOCTH (DTaNONMaHWHA MEAHW, BKIIIOYAIOIIEH
aToOM MeTajyla Ha ypOBHE Teopud (YHKIHOHAJa IUIOTHOCTH. B KadecTBe HHCTPYMEHTOB HW3y4YEHUs] MeXaHH3Ma
B3aMMOJIEHCTBHA MOJIEKYNIBI copbaTa C TOBEPXHOCTBIO HCIONB30BAINCH Kputudeckue Toukn QTAIM, IRI
U paclpeleneHus 3apsIoB B KOMIUIEKcax copbar-copOeHt. OmnpeneneHo, 4To TPHUANKUIAMHUHBI UMEIOT 0oJiee BBICOKYIO
OHCPIrur0 CBA3UM € IMOBCPXHOCTHIO, YEM TPUAJIKWIAMHUHOCIIUPTHI, 3a CYET MEHBbIIIEH OHCPIuu BSaHMOﬂeﬂCTBMﬂ
¢ pactBoputeneM. Bo Bcex ciryuyasx CBsi3b MOJIEKYJI copOaTa ¢ MOBEPXHOCThIO B OCHOBHOM HMEET JJIEKTPOCTaTHUECKHI
W JTUCTIEPCUOHHBIM MEXaHW3M, OJIHAKO IPHUCYTCTBUE CBS3EH C IEPEKPBITHEM OpOHTANIC CYIIECTBEHHO YBEJIMYHBACT
CTaOMIBHOCTH KOMIUTIEKCOB. KOMILIEKC ¢ COJIBI0 YeTBEPTUYHOTO aMMOHHEBOTO OCHOBAHMUS SIBJIICTCSI CAMBIM CTaOMIIBHBIM
3a CUET COYETAHUS IJICKTPOCTATHYCCKOTO M OPOUTAIILHOTO MEXaHH3MOB. B KOMILIEKCE ¢ YETBEPTHYHBIM aMMOHHEBBIM
KaTHOHOM HAOJIOJIACTCs CYIISCTBEHHAS MOJSPU3aIlis MOBEPXHOCTH IO HANPABICHUIO BIIYOb KPUCTAUIA, YTO MOXKET
YBEJIMYMBATH SHEPTHIO B3aUMOJICHCTBUS MEXIY MOJIEKYJIaMH B MIPUITIOBEPXHOCTHBIX CIOSX M YMEHBIIATh PACTBOPUMOCTH
MOIU(UIMPOBAHHBIX TaKUM 00pa3oM YacTHIl B IOJIPHBIX pPACTBOPHUTEIAX. BO BceX KOMIUIEKCaX C IMEPEeKPBITHEM
opOuTanel Co CTOPOHBI IOBEPXHOCTH yYaCTBYET 3a’Z2 -opOuTanm aToMa MeJIu.
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1. Introduction

Surface modification of pigments is widely used
to impart specific characteristics, including surface
morphology, crystalline structure and particle size,
optical properties, and the rheological characteristics
of coatings and paints (CPs) formulated with these
pigments [1].

Among the most commonly used surface
modifiers are various surfactants (SAs) [2-5], high-
molecular-weight substances [3-5], silicon oxide
[3—4], as well as chemical functionalization of the
surface, such as sulfo groups [6].

For pigments used in liquid CP formulations, the
primary property determining pigment affinity for the
binder is the oleophilic-hydrophilic balance of the
surface. The higher the surface affinity, the easier the
pigment disperses and the more stable the CPs
formed with it are against sedimentation. When using
acrylic, polyurethane, and other water-based coatings,
efforts are made to increase surface hydrophilicity,
whereas for alkyd coatings, oleophilicity is preferred.

Copper phthalocyanine (phthalocyanine blue
pigment) is one of the most widely used organic
pigments and is commonly used in CPs with alkyd
binders. Although its surface is primarily oleophilic,
it contains regions capable of adsorbing water
molecules and other polar substances [7—8]. This can
lead to difficulties in obtaining stable suspensions in
alkyd binders when moisture impurities are present in
the pigment itself or in auxiliary substances [9].
These regions can be shielded by adsorbing
surfactants onto them. The most promising surfactants
for this purpose include trialkylamines, quaternary
ammonium bases, and their derivatives [10].

This study focuses on investigating the
interaction mechanism of trialkylamines and some of
their derivatives with the surface of copper
phthalocyanine containing a metal atom, as this is the
only part of the surface requiring shielding of
hydrophilic ~ sites [11].  Understanding the
fundamental principles of the interaction mechanism
between surfactants and the pigment surface will aid
in selecting the optimal modifier for specific
applications and producing materials with the desired
properties.

The selected surfactants must perform well in
both alkyd and aqueous environments (e.g., wet
pigment or flash paste production). Surfactants are

generally water-soluble, and their adsorption from an
aqueous medium is of particular interest because if
they adsorb well from water, they will also adsorb
well from an alkyd medium and onto dry pigment.
Therefore, this study will focus on the adsorption
mechanism of surfactants from an aqueous medium
onto the pigment surface. The structure of copper
phthalocyanine was assumed to correspond to the
B-modification, as this is the most commonly used
form in pigment applications.

2. Materials and Methods

For this study, trialkylamines and their
derivatives with a three-carbon chain length were
selected, as tripropylamine is the first in the series of
unbranched trialkylamines that adsorbs onto the
copper phthalocyanine surface with a negative Gibbs
free energy [11]. The structural formulas of the
studied surfactants are as follows:

— Tripropylamine
H3c\L /l/CH3
N
CH,
— Triisopropylamine

CH,

H3C4< CHy
~
H3C4< CHs
CHy
— Tris(1-hydroxypropyl)amine

HyC

OH
/1\/CH3
HO Il

OH

CHy
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— Tris(2-hydroxypropyl)amine

Ha ZHy

H
\l’/\N

CHy OH

CHy

— Tetrapropylammoniumchloride

CH;

_/—CH?
_/_N‘
HsC

CHy

For hydroxypropylamines, two adsorption
configurations were considered: with hydroxyl
groups oriented toward and away from the surface.

For tetrapropylammonium chloride, hydrolysis
of the molecule into a cation and chloride ion is
possible:

Ky
TetPACl< TetPA* +CI™. (D

Since tetrapropylammonium chloride is a salt of
a strong acid and a weak base, the resulting cation

recombines with a water molecule to form
tetrapropylammonium hydroxide:
TetPA™ + H,0 <> TetPAOH + H". ()

The overall reaction (1), (2) can be expressed as:

TetPACIl + H,0< TetPAOH + H" +Cl™.  (3)

At the same time, tetrapropylammonium
hydroxide itself undergoes hydrolysis:

K3
TetPAOH< TetPA™ + OH ™. 4)

Thus, in aqueous solution, tetrapropyl-
ammonium can exist in three forms: chloride,
hydroxide, and cationic. Their concentrations can be
estimated using the dissociation constants of chloride
and hydroxide (K| and K3). While these values are
not available for tetrapropylammonium, they are
known for the structurally and chemically similar
tetrabutylammonium: K; = 0.24; K, = 0.011 mol-L™’
at 298 K [12].

The equilibrium constant for the overall reaction
(3) is given by:

K- Cretaon X €y X C - K 107 _

Cretact X C,0 K5 Cy,o

=3.93x10""° mol-L™' (298 K), (5)

indicating a very low final concentration of
hydroxide.

Additionally, this can be demonstrated by
assuming an initial tetrapropylammonium chloride
concentration of up to 5% by mass (which is
typically the maximum surfactant concentration in
industrial processes involving organic pigments),
corresponding to a molar concentration of
0.225 mol.L ", Solving the equilibrium and mass
balance equations simultaneously, the results are
presented in Fig. 1.

Under these conditions, the concentration of
tetrapropylammonium hydroxide does not exceed
410" mol-L ™. Therefore, only the adsorption of the
chloride and cation species was considered in further
analysis.

The copper phthalocyanine surface was modeled
using a cluster consisting of four molecules.
The cluster geometry was based on experimental data
for the B-crystal modification [13], with all non-
hydrogen atoms fixed during geometry optimization
to maintain consistency with the crystal lattice
structure. The optimization process involved
adjusting the position of the sorbate molecule relative
to the surface, along with its internal coordinates.

C, mol-L!
0.144

0.124
0.104
0.08
0.06 CTe}_PACi
0.04+

CTeIPAOII
0.02-

005 010 015 C, molL"
Fig. 1. Concentrations of tetrapropylammonium
in the forms of chloride, hydroxide, and cation

at an initial tetrapropylammonium chloride concentration

of up to 0.225 mol-L™’
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To model the adsorption process, a two-layer
ONIOM scheme [14] was employed. The surfactant
molecules and the two nearest copper phthalocyanine
molecules were treated with a high-level method,
while the remaining two molecules were modeled
using a low-level method. The extended tight-binding
(XTB2) method [15] was used for the low-level
calculations, while density functional theory (DFT)
was employed for the high-level calculations.
Specifically, the *'SCAN-3¢ composite method [16]
was used for geometry optimization, and single-point
energy calculations were performed using the
®B97x/def2-SVPD method [17-19].

The solvent was modeled using the continuum
ALPB approach [20]. All geometry optimizations and
wavefunction calculations were conducted using the
ORCA 6 software package [21].

To determine the interaction mechanisms within
the sorbate-sorbent complexes, the following
approaches were used:

— Bader’s Atoms in Molecules (QTAIM) theory
[22, 23];

— Interaction Region Indicator (IRI) [24];

— Charge distribution analysis wusing the
Hirshfeld [25], Bader (AIM) [22], and CHELPG [26]
methods.

All calculations related to the interaction
mechanism were performed using the Multiwfn
software package [27], based on molecular orbitals
obtained from single-point calculations.

QTAIM analysis allows for the identification of
critical points corresponding to the maximum
electron density at the boundary between two atomic
basins, known as bond critical points (BCPs, type
(3,-1)). The presence of these points confirms the
existence of a bond between two atoms. The nature
and characteristics of this bond can be assessed by
evaluating key parameters at the BCP, including:

— Electron density (pgcp);

— Electron localization function (ELFgcp) [28];

— Localized orbital locator (LOLgcp) [29];

— The product of the second Hessian eigenvalue
sign and electron density (sign(Ay)*pgcp) [24];

— Lagrangian kinetic energy density (Ggcp) and
potential energy density (Vpcp).

For hydrogen bonds, the bond energy (kJ -molfl)

can be estimated from the electron density using the
equation [30]:

Ej; ~—933.33 pgcp +3.11. (6)

ELFpcp and LOLpcp values close to 1 (0.8-1.0)
indicate covalent bonding, while values below
0.5 suggest non-covalent interactions.

A negative sign(Ay)Xpgcp value confirms a
bonding interaction, with its magnitude reflecting
bond strength. A pgcp~0 value near zero is
characteristic of van der Waals interactions [24].
Hydrogen bonds exhibit pgcp values of approximately
0.02-0.05 for classical, 0.05-0.09 for strong, and
0.09-0.12 for very strong interactions [31]. Halogen,
pnictogen, and other donor-acceptor non-covalent
bonds have a broader pgcp range (0.004—0.12), but
within a specific bond type, pscp and bond energy are
typically linearly correlated [32, 33].

Reference [32] categorizes
interactions based on the (|V]/G)gcp ratio:

non-covalent

—(I"/G)gcp<1 as ppcp increases, interactions
resemble ionic (closed-shell) bonds;

— 1 <(V/G)gcp <2 - intermediate bonds;

—2<(|V/G)gcp — as ppcp increases, interactions
resemble covalent (shared-shell) bonds.

A comprehensive analysis of donor-acceptor
interactions in [33] provides correlation equations for
bond energy as a function of pgcp for three bond

types:
— Closed-shell
Ep ~-2768 pgcp +2.1; @)
— Intermediate
Ep ~—1487 pgcp +6.5; (®)

— Shared-shell

As seen from equations (7) — (9), hydrogen
bonds, which are described by equation (6), are closer
to shared-shell interactions, meaning they tend to
form molecular orbitals in the space between bonded
nuclei.

Only the critical points connecting the sorbate
molecule to the copper phthalocyanine cluster were
analyzed.

The contributions of individual orbitals to bond
formation were also assessed using a localized
molecular orbital (LMO) decomposition at the critical
point. The Pipek-Mezey localization method with
Mulliken population analysis was used in this study
[34, 35].

The IRI index highlights regions of attractive or
repulsive interactions. In these regions, the IRI
parameter, calculated using equation (10), approaches
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zero, while the sign(Ap)xp(r) value indicates
interaction strength and direction.
Vpl(r
IRI(r)zm. (10)
1.1
p(r)
Charge distribution analysis helps evaluate

electrostatic interactions between the surface and the
sorbed molecule. Charges were computed for the
high-level region from the wavefunction obtained
using the ©B97x/def2-SVPD method. The atomic
charges were determined for the surface copper atom
interacting with the sorbate, nitrogen and chlorine
atoms (for tetrapropylammonium chloride), and the
molecular fragments forming the sorbate-sorbent
complex:

—Frag. 1 — subsurface copper phthalocyanine
molecule;

— Frag. 2 — copper phthalocyanine molecule in
direct contact with the sorbate;

— Frag. 3 — sorbate molecule.

Additionally, for all sorbate-sorbent complexes,
formation energy was evaluated at the r’SCAN-3¢c
theoretical level.

Visualizations were created using the VMD
software [36].

3. Results and Discussion

The description of the obtained complexes and
their formation energies are presented in Table 1, and
their structures are shown in Fig. 2.

Tetrapropylammonium chloride has the highest
binding energy to the surface. The tetrapropyl-
ammonium cation and both isomers of tripropylamine
have approximately three times lower binding energy.
Amino alcohols exhibit the weakest interaction with
the surface among the studied surfactants, which can
be explained by the hydrophilic OH groups
increasing their interaction energy with the solvent.
This, in turn, makes adsorption onto the pigment
surface less favorable.

For the (3, —1) critical points, the values of
electron density, ELFgcp and LOLgcp, Gpcp and

Vscp energy densities were calculated, along with the
estimated bond energies assuming hydrogen bonding
(2) and using generalized formulas for weak
interactions (3) — (5). All values a represented in
Table 2.

The (|V)/G)gcp values indicate that nearly all
intermolecular interactions in the studied complexes
are predominantly electrostatic in nature. This
conclusion is further supported by the low ELF and
LOL values at the critical points. Only four bonds,
found in complexes 1, 2, 5, and 7, exhibit
(I"/G)gcp=1, all of which involve the interaction
between a surface copper atom and an atom within
the surfactant molecule. Comparing the complex
numbers with their formation energies from Table 1
reveals that the complexes containing a BCP with
(I"/G)gcp=>1 have higher binding energies than
those without such interactions (except for the
complex with the cation).

Table 1.The formation energy of sorbate-sorbent complexes of the studied surfactants
with a copper phthalocyanine cluster

Cu-N distance between the sorbate

Complex No. Sorbate type and its location Sorption energy and the surface. A
1 tripropylamine —48.03 3.235
2 triisopropylamine —48.52 4.252
3 tris-(1-hydroxypropyl)amine, -30.08 4.772

OH towards the surface
4 tris-(1-hydroxypropyl)amine, -33.20 3.729
OH away from the surface
5 tris-(2-hydroxypropyl)amine, —46.18 4.131
OH towards the surface
6 tris-(2-hydroxypropyl)amine, -39.00 3.719
OH away from the surface
7 tetrapropylammonium chloride —158.09 5.946
8 tetrapropylammonium cation -50.59 5.707
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Complex 7 Complex 8

Fig. 2. The structure of sorbate-sorbent complexes of the studied surfactants
with a copper phthalocyanine cluster is shown, with critical points (3, —1) for intermolecular interactions
between the sorbate and the surface, and pathways connecting them to the points (3, —3)
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Table 2. Characteristics of BCP binding the sorbent molecule and the surface
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The distance

Complex No. Interacting atoms between atoms, A PBCP (I"/G)scp ELFpcp LOLpcp Epn Ep
1 2 3 4 5 6 7 8 9
C66-H135 2.701 0.00757 0.81 0.0268  0.1426 -3.95 -18.84
N77-H121 3.178 0.00342 0.71 0.0080  0.0829 -0.09 -7.38
C79-H133 2.705 0.00678 0.75 0.0187  0.1216 -3.22 -16.66
| N75-H121 3.229 0.00292 0.67 0.0068  0.0766  0.39  —5.98
N75-H119 2.718 0.00756 0.86 0.0251 0.1384 395 -18.84
Cull14-N115 3.235 0.00806 1.00 0.0293 0.1483 441 541
N74-H125 2.730 0.00768 0.85 0.0250  0.1381 —4.05 -19.15
N72-H132 2.690 0.00719 0.90 0.0240  0.1357 -3.60 -17.81
C79-H135 3.014 0.00471 0.69 0.0138  0.1062 -1.29 -10.94
N77-H121 2.814 0.00638 0.81 0.0191 0.1227 -2.85 -15.56
Cul14-H119 2.527 0.01125 1.10 0.0407  0.1710 -7.39 -10.13
2 N76-H121 2.746 0.00703 0.84 0.0225  0.1321 345 -17.35
C59-H133 3.287 0.00258 0.66 0.0064  0.0749  0.71 -5.03
N70-H131 3.439 0.00173 0.63 0.0034  0.0555 1.50 -2.68
N74-H143 2.875 0.00614 0.82 0.0185  0.1210 -2.62 -14.89
N71-H143 3.452 0.00159 0.60 0.0031 0.0535 1.63 230
N77-0126 3.006 0.00837 0.84 0.0193 0.1233 470 -21.06
N75-0125 3.143 0.00685 0.82 0.0149  0.1097 -3.28 -16.86
3 Cul14-0127 3.162 0.00724 0.90 0.0176  0.1181 -3.64 -17.93
N74-0127 3.200 0.00682 0.79 0.0152  0.1108 -3.26 -16.78
C67-H139 3.143 0.00354 0.74 0.0086  0.0857 -0.20 -7.71
N70-H147 3.355 0.00189 0.64 0.0039  0.0595 .35  3.12
N71-H131 2.615 0.00871 0.90 0.02892 0.14738 -5.02 -22.02
4 Cul14-N115 3.729 0.00330 0.70 0.01062 0.09429 0.03 -7.02
N76-H133 2.513 0.01060 0.94 0.04046 0.17055 —6.78 -27.24
C80-H132 2.630 0.00835 0.79 0.02321 0.13375 —-4.68 -21.00
N71-H142 2.865 0.00486 0.82 0.01419 0.10742 -143 -11.37
Cull4-H131 2.615 0.00965 1.00 0.03282 0.15574 -5.89 -7.76
N73-0126 3.730 0.00238 0.66 0.00504 0.06684 0.89 —4.49
5 N76-H132 2.567 0.00947 0.91 0.03561 0.16141 -5.73 -24.12
N74-H133 2.730 0.00718 0.88 0.02505 0.13839 -3.59 -17.77
C63-H145 2.929 0.00483 0.77 0.01591 0.11312 -1.40 -11.28
C65-H139 3.688 0.00120 0.56 0.00285 0.05141 199 -1.23
C69-0127 3.858 0.00189 0.64 0.00437 0.06260 1.34 -3.14
C78-H144 2.884 0.00532 0.72 0.01646 0.11483 -1.86 —12.63
N77-H135 2.769 0.00652 0.85 0.02155 0.12947 297 -15.94
Cul14-N115 3.719 0.00360 0.69 0.01272 0.10237 -0.25 —-7.87
6 N74-N115 3.723 0.00356 0.68 0.01300 0.10341 -0.21 -7.75
C80-H136 2.584 0.00886 0.83 0.03023 0.15026 -5.16 —22.43
C67-H141 2.935 0.00545 0.76 0.01752 0.11809 -1.97 -12.98
C81-H134 2.654 0.00772 0.80 0.02334 0.13410 —-4.09 -19.27
C65-H138 2.989 0.00505 0.74 0.01620 0.11402 -1.61 —11.89
Cl1140-Cul 14 3.133 0.01350 1.19 0.05466 0.19402 949 -13.46
7 H143-N70 3.025 0.00420 0.74 0.01152 0.09773 -0.81 -9.52
H150-C67 3.133 0.00334 0.72 0.00986 0.09111 0.00 -7.13
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Continuation Table 2

1 2 3 4 5 6 7 8 9
H133-C81 2.813 0.00624 0.71 0.01767 0.11849 -2.72 -15.18
HI126-C61 2.766 0.00614 0.76 0.01781 0.11891 -2.62 —-14.91
7 N72-H120 2.629 0.00772 0.89 0.02805 0.14545 —4.10 -19.28
H127-C69 3.040 0.00499 0.72 0.01698 0.11649 -1.55 -11.72
H148-H101 2.579 0.00278 0.62 0.00635 0.07440 052 -5.59
H121-C84 2.996 0.00492 0.69 0.01777 0.11889 —-1.49 -11.53
N73-H146 3.160 0.00322 0.74 0.00752 0.08039 0.10 -6.82
Cull4-H147 2.746 0.00731 0.91 0.02333 0.13410 -3.71 -18.13
C81-H127 2.692 0.00745 0.79 0.02173 0.12991 -3.85 -18.53
C61-H129 2912 0.00542 0.71 0.01657 0.11516 -1.95 -1291
8 N72-HI121 2.612 0.00823 0.90 0.03131 0.15263 —4.58 -20.69
C69-C130 2.886 0.00634 0.76 0.02167 0.12981 -2.81 -1545
C89-H120 3.015 0.00463 0.72 0.01685 0.11611 -1.21 -10.72
H101-H142 2.640 0.00338 0.63 0.00946 0.08939 -0.04 -7.25
H109-H142 3.328 0.00060 0.43 0.00119 0.03427  2.55 0.45

LMO 279 (16.47%)

LMO 196 (31.57%)

- — = N p
[

LMO 306 (22.77%) _

Complex 1 (Cul14-N115) Complex 2 (Cul14-H119)

LMO 352 (30.17%)

LMO 260 (31.47%) - _1MO 315 (25.90%)

T LMO 350 (21.77%)

Complex 5 (Cul14-H131) Complex 7 (Cul 14-CI1140)

Fig. 3. LMO involved in interactions with (|V)//G)Bcp > 1, isosurface at 0.1 a.u.
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Letus take a closer look at the interactions where

(I"/G)pcp=1. Since these interactions are of an
intermediate type, possessing both orbital and
electrostatic contributions, it is useful to examine the
orbitals involved in their formation. Figure 3 presents
the contributions of localized molecular orbitals
(LMOs) to the BCP of these interactions, displaying
orbitals with contributions exceeding 10 %.

As shown in Figure 3, in all of the presented
interactions, the copper atom's 3d22 -orbital is

involved from the surface side, which can be
recognized by its characteristic shape.
The contribution from this orbital remains constant at
around 25 %.

On the sorbate side, in two cases, the molecular
orbitals of the C-H bond are involved in the
interaction (complexes 2 and 5). In complex 5,
a reorientation of the copper 3a’z2 -orbital (LMO 315)

occurs toward the sorbate molecular orbital
(LMO 260). It is also worth noting that the
interaction involves the C—H bond of the methylene
group adjacent to the nitrogen atom, which is the
most polarized.

In complexes 1 and 7, two orbitals are involved
from the sorbate side. In complex 1, these are the
lone electron pair of the nitrogen atom (LMO 121,
25.35 %) and the molecular orbital of the N-C bond
(LMO 279, 16.47 %). In complex 7, these are the p-
orbital (LMO 352, 30.17 %) and the sp-orbital
(LMO 350, 21.77 %) of the chlorine atom (atomic
orbital decomposition coefficients > 0.4 for the 3s

and 3p, electrons).

In complexes 4 and 6, the interaction involving
the nitrogen lone pair is also present, but it is much
weaker than in complex 1 and is based solely on the
electrostatic mechanism. This is likely due to the
distance factor; at »=3.2 A (complex 1), overlap
with the copper 3alz2 -orbitals is still possible, while

at »=3.7 A (complexes 4 and 6), it is no longer
possible. The critical distance for the overlap of
copper Sa’Z2 -orbitals and C—H molecular orbitals is

around 2.6 A (for complex 8, r=2.746 A and

(IM/G)pcp = 0.91).

Thus, the presence of orbital interactions
positively affects the stability of the sorbate-sorbent
complexes, but it does not explain the high adsorption
energy of tetra-n-propylammonium chloride, which is
characteristic of chemisorption. However, the highest
value of pgcp = 0.0135 indicates a weak non-covalent
interaction, which is further supported by the ELFgcp

and LOLgcp values.

The sums of the £y and Ep values for a single
complex do not match the calculated adsorption
energy. XEy always gives a lower value, while XEg
gives an overestimated value, except for complex 7.
The lower value of ZEy; can be explained by the fact
that most interactions are far from those with a shared
shell. The overestimated value of XEp can be
explained by the influence of the solvent, as
equations (3) — (5) were derived for the gas phase.

The results of the IRI calculations for the
investigated complexes are shown in Fig. 4.

For complexes 1-2 and 7-8, all peak values in
the binding region are within p~0 to 0.01 a.u., as
shown in Table 2. For complexes with amino
alcohols (3—6), additional peaks are observed in the
regions p~0.02 au. (complexes with hydroxyl
groups oriented toward the pigment surface) and
p~=0.017 a.u. (complexes with hydroxyl groups
oriented away from the pigment surface).
To understand what these interactions are, let us
construct a 3D map of the IRI parameter for one of
these complexes (Fig. 5).

As seen in Figure 5, these peaks correspond to
intramolecular H:-*OH bonds, so the corresponding
critical points (3, —1) did not appear in the table for
intermolecular interactions.

The presence of sufficiently extensive binding
regions with p~0 to 0.01 near nonpolar groups
(Fig. 5) indicates the significant role of dispersion
forces in the formation of sorbate-sorbent complexes.

The charges for the fragments, as well as the
copper atom on the surface, and the nitrogen and
chlorine atoms of the sorbate, are presented
in Table 3.

For all the complexes of tertiary amines and
amino alcohols, a similar pattern is observed. There is
a slight polarization of the surface (using the
Hirshfeld and AIM methods), with the subsurface
molecule becoming positively charged and the
surface negatively charged. Meanwhile, the sorbate
molecule acquires a small negative charge (Hirshfeld
and CHELPG methods) or remains neutral (AIM).
When looking at the fragment charges, only the
CHELPG method shows a small electrostatic
interaction between the sorbate and the surface.
Considering the centers of positive and negative
charges — the copper atom on the surface and the
nitrogen atom of the sorbate — attraction is possible in
all cases (AIM shows almost quantitative charges of
Cu' and N), but the distance between these centers is
quite large (see Table 1), which hinders effective
interaction.
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Fig. 5. Isosurface IRI = 1 for complex 5; / is the region of intramolecular hydrogen bonds in the sorbate molecule,
2 is the region of weak intermolecular interactions

For the tetra-n-propylammonium chloride interaction between the chlorine atom and the surface
complex, surface polarization is observed only when  more significant than that between the nitrogen atom
using the CHELPG method. It is noted that the and the surface in previous complexes.
occupancy of nitrogen and copper atoms is reduced For the tetra-n-propylammonium  cation
compared to the average value for complexes 1-6, complex, the strongest surface polarization is
which, together with the shorter Cu—Cl distance  observed. Both the Hirshfeld and CHELPG methods
compared to Cu—-N, makes the electrostatic = show charge transfer from the cation to the pigment
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Table 3. Charge distribution in sorbate-sorbent complexes

s Hirshfeld method CHELPG method AIM method

Z

L S A R S S A S R B
FErfizz® g izz® iz zen
1 0.17 -0.10 -0.07 036 —-0.09 - 0.09 0.13 -0.22 0.66 -0.65 - 0.18 —-0.19 0.01 1.04 -1.14 -
2 021 -0.12-0.09 034 -0.10 - 0.13 0.09 -0.22 0.71 -0.98 - 022 -0.22 0.00 0.99 -1.16 -
3 021 -0.17-0.03 035 -0.11 - 0.12 0.06 -0.19 0.65 -0.76 - 0.22 -0.21 -0.01 1.01 -1.18 -
4 025 -0.15-0.10 0.34 -0.10 - 0.17 0.07 -0.24 0.67 -098 - 0.26 —-0.26 0.00 1.00 -1.18 -
5 0.13 -0.08 -0.06 0.35 -0.11 - 0.06 0.11 -0.17 0.68 -0.73 - 0.14 -0.15 0.01 1.01 -1.12 -
6 0.19 -0.08 -0.11 035 -0.10 - 0.11 0.12 -0.23 0.70 -0.86 - 0.19 -0.19 0.00 1.02 -1.12 -
7 0.00 -0.01 0.01 0.38 0.10 —0.66 —0.08 0.20 —0.13 0.71 -0.27 —-0.82 0.00 —0.04 0.03 1.10 —1.09 —0.89
8 059 -0.40 0.81 026 0.10 - 055 -0.21 0.65 0.59 -0.06 - 0.61 -0.57 096 0.89 —-1.10 -

surface. Based on the charges on fragments 2 and 3,
substantial interaction is expected, and from the
absence of orbital overlap bonds in this complex, it
can be concluded that this interaction contributes
significantly to the adsorption energy. Significant
polarization directed into the surface may also
increase the stability of copper phthalocyanine
crystals through electrostatic interactions between the
molecules. This effect can occur during the
adsorption of any cations, but only cations whose
interaction energy with the solvent is small enough to
make adsorption favorable will effectively adsorb.
This effect can be used to stabilize (reduce the
solubility of) crystals in polar solvents.

4. Conclusion

Tertiary alkylamines generally have higher
binding energy with the copper phthalocyanine
surface in the aqueous phase than tertiary alkylamino
alcohols due to their lower interaction energy with
the solvent. The binding of sorbate molecules to the
surface mainly involves electrostatic and dispersion
mechanisms. However, the presence of bonds with
orbital overlap significantly increases the stability of
the complexes. Therefore, it can be concluded that for
effective surfactant adsorption on the copper
phthalocyanine surface, it is necessary to ensure the
overlap of sorbate molecule orbitals with the 3aiz2 -

orbitals of the copper atom on the surface.
The complex with a quaternary ammonium salt is the
most stable due to the combination of electrostatic
and orbital interaction mechanisms. In the complex

with the charged particle — the quaternary ammonium
cation — there is significant surface polarization
directed deep into the crystal, which may increase the
interaction energy between pigment molecules in the
subsurface layers and reduce the solubility of the
modified particles in polar solvents.
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