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Effect of nanodiamonds with different surface states on ion channel
packing and proton conductivity of composite perfluorosulfone

membranes
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A copolymer of the Aquivion® type was modified with detonation diamonds (size 4—5nm, concentration
0.25—5.0wt.%) and studied using neutron scattering, measuring the packing period of ion channels in the matrix.
Positively charged diamonds with a hydrogen-saturated surface at a concentration of 0.5 wt.% provided a 30%
increase in the ionic conductivity of the membranes at a temperature of 50 °C due to compaction of the packing of
channel assemblies. Due to the electrostatic attraction of the components, a more developed conductive diamond-
copolymer interface was created in such membranes than in composites with negatively charged ionic groups of
the components. When the matrix was filled with hydrophobic fluorinated diamonds (1 wt.%), a fivefold decrease
in ionic conductivity was observed due to the disruption of the connectivity of ion channels. The found correlations
between the structure and ionic conductivity of the composites depending on the type and amount of filler are
important for the targeted formation of membranes upon modification with nanoparticles.
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Introduction

To improve the functional properties of ion-exchange
membranes of chemical fuel elements, promising approaches
are offered to modify Nafion® and Aquivion® type original
perfluorinated copolymers with nanoparticles that form
a conductive interface with copolymer and reinforce the
copolymer for improvement and stabilization of stress-strain
and conductive properties of materials [1-26].

However, it is important to ensure interaction between
the filler and exactly the polar macromolecule fragments
(terminal ion groups of side chains) to improve coherence
and transport properties of the matrix ion channel network
by integrating nanoparticles into it. For this, hydrophilic
particles are used, in particular, inorganic oxide-based
particles (SiO,, TiO,, ZrO;) [1-4]. Thus, in Nafion matrix
composite materials, ~ 5nm SiO,, ZrO, particles, having a
minimum influence on crystallinity and structure, increased
the material’s water-retaining capability and conductivity
at high temperature [2]. The authors [3] introduced the
ZrO,—Ti0, particles into the Nafion membrane to optimize
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their fractions (ZrTi=1:3). Thus, the weight of absorbed
water was increased and electrochemical parameters of the
Nafion112 matrix were exceeded in the operating conditions
at 120°C, relative humidity of 50% (RH) and pressure of
2atm. It was found that the SiO,, TiO,, ZrO, particles
introduced into the Nafion matrix, while reducing the
conductivity at low temperatures, increased the conductivity
during heating in low moisture content conditions, which
is important for membrane applications. ZrP particles help
keep the conductivity at high RH values and enhance it
as the temperature increases and RH decreases [4]. To
retain water in composite materials, the porous structure of
filler particles was important, that ensured the conductivity
growth with respect to the original matrix [4].

Carbon structures (fullerenes, nanotubes, nanodiamonds,
graphene and derivatives) with grafted atoms and polar
groups (H, F, OH, COOH, etc.) are of particular interest
for rendering hydrophilic properties to these objects [27-34]
to form hybrid ion channels that involve these groups and
sulfonic acid groups of the matrix, and to improve the stress-
strain properties of matrices [4,35-38|.
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Generally, through small nanoparticle fractions, the de-
gree of water saturation and proton conductivity of mem-
branes may be increased considerably with fuel crossover
reduction, moreover, at high temperatures that are required
for effective operation of polyelectrolyte fuel cells [4,38-40].

A considerable positive effect was achieved when nan-
otubes, graphenes and nanodiamonds [41-46], that differed
in dimensions and constituted extended linear (1D), planar
(2D) and compact globular (3D) objects, were introduced
into the perfluorinated matrices. Among them, detonation
nanodiamonds (DND, size 4—5nm) are most comparable
with the scales of ion channels and small pores for proton
migration in perfluorinated membranes. When particles
have a hydrophilic surface, this factor is favorable for
diamond integration into the polymer channel network
without serious damage to the matrix structure formed after
segregation of ion groups lining the ion channel surface in
hydrophobic skeleton polymer chain shells [47,48].

Structural interpretation of Nafion and Aquivion type
perfluorinated copolymers with similar chemical composi-
tion and different length of side chains containing sulfonic
acid groups on the ends provided construction of models
based on the electron microscopy, neutron and synchrotron
scattering (SANS, SAXS) data that indicated formation of
fibrillar (lamellar) ion channels and nanoscale pores [49-61].

The models rely mainly on the SANS and SAXS experi-
ment data demonstrating the interference scattering peaks
(ionomer peaks) that reflect the cylindrical ion channel
packaging with a period of ~ 3nm [52-61]. Thus, the
membranes have channel assemblies (bundles) via which
protons are transported [58]. This kind of equilibrium
ordered channel structure is formed as a result of membrane
annealing at ~ 100—120°C [40].

At the same time membrane filling with nanoparticles, for
example, diamonds, disturbs the original polymer matrix
structure where ionomer peak shift, amplitude and width
variation are observed [62], i.e. significant structural changes
that affect the material’s proton conductivity. Depending on
the physical and chemical properties and modifier fraction,
the conductivity may increase or decrease [62].

Correlation between the type of ordering and conductive
properties of perfluorinated diamond-filled copolymers is
poorly known quantitatively, which prevents from complete
understanding of the mechanisms of action of various dia-
mond modifiers on composite structure and electrophysical
properties and identifying their correlation.

An objective of this study was to find and identify the
type of correlations between the ion channel structure data
and conductive properties of composite membranes with
hydrophilic diamonds of different surface potential signs
and, for comparison, with hydrophobic diamonds interacting
mainly with nonpolar copolymer chains without formation
of a conductive interface.
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1. Samples and research methods

1.1. Perfluorinated copolymers

Composites were prepared using a Aquivion® type
material. It was synthesized by the water-emulsion
method [63] with perfluorinated monomer copolymeriza-
tion (perfluoro-3-oxapentensulfonyl fluoride) with tetrafluo-
roethylene (TFE, 0.7—1.3 MPa) in thermostating conditions
(40—60°C) in a steel reactor (0.451, horseshoe agitator).
TFE was fed into a sulfonyl fluoride monomer emulsion
stabilized with perfluorinated surfactant (ammonia perfluo-
rononanoate). Copolymer with an equivalent chain weight
(EW) of 890 g/mol (equivalent to the ion group —SOs;H)
had a proton conductivity of 0.15S/cm with equilibrium
(maximum) water content of 37.0 wt.% (20°C).

1.2. Nanodiamond hydrosols

Diamonds (DND, dp ~ 4.5nm, dispersion
Adp/dp = 50%) were produced by detonation synthesis
(FGUP SKTB Tekhnolog, Saint Petersburg, Russia), then
deagglomeration (annealing, ultrasonic dispersion) and
chemical cleaning (acid etching) were performed [64-66].
By removing graphene-like fragments from the
particle surfaces, single-phase diamond crystals were
fabricated [65,66]. They formed stable hydrosols (~ 1 wt.%)
with adjustable particle surface potential (~ 30—70 mV) —
positive (DNDZ+), if they were preliminary annealed in
hydrogen flow (500°C) with H-, OH-group grafting, or
negative (DNDZ-) when annealed in air (430°C) with
COOH-group grafting [64,65]. Particles were mixed with
deionized water, subjected to ultrasonic treatment, and
were centrifugated to separate fine fractions [64].

In addition to the DNDZ- and DNDZ+ diamonds, fluo-
rinated DNDF diamonds were prepared by annealing in F,
(450°C) atmosphere that reacted with the surface particle
groups (C—OH, C—H, C=0, COOH), and decomposition
of the groups gave rise to C-F bonds (fluorine substitution
of 97% of hydrogen atoms) [30,67,68]. Raw detonation
nanodiamonds (TU 2-037-677-94) made by Zababakhin
Russian Federal Nuclear Center (RFNC VIIF), Snezhinsk,
Russia) were used as a starting material. DNDF pow-
ders produced stable sols in dimethylformamide (DMFA,
(0.17wt.%) with ~ 4.5nm particles (negative potential)
and ~ 20nm scale aggregates according to the dynamic
light scattering data (Zetasizer Nano ZS analyzer, Malvern
Instruments Ltd.).

1.3. Membranes

Membrane films were fabricated by the flow coating
method [69]. Copolymer in the—SOsLi-form dissolved in
DMFA was applied to a heated glass substrate. After
fabrication of the film from solution, the film was converted
into the—SO3;H-form by washing with 15% nitric acid to
transform the film to a proton-conductive membrane [69].
For synthesis of composite materials, DMFA-dispersed
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diamonds were added to the copolymer solution (2 wt.%) to
make ~ 50um films with the fractions of diamonds equal
to 0.25—5.0wt.% [69]. The films were converted from the
—SO;Li-form to —SO3;H-form by acid washing.

1.4. Research methods

Procedure for preparing and study of modified mem-
branes and diamond components combined a set of
structural, physical and chemical methods (electron
and atomic-force microscopy, dynamic light and neu-
tron scattering, stress-strain property, conductivity, wa-
ter adsorption measurement, etc.) that are addressed
in [29-31,40,46-48,62,63,65-69]. This study was focused
on the search for correlation between the ion channel
structures and composite membrane conductivity depending
on the type and number of diamond modifiers. Therefore,
comparative analysis of data obtained by the conductometry
and small-angle neutron scattering (SANS) methods was
mainly carried out. Proton conductivity of samples with
equilibrium (maximum) watering (30—33 wt.%, boiling at
100°C, 1h) was measured by the standard impedance
spectroscopy method at 20 and 50°C (Z-3000X unit, 4-
electrode measurement cell connection diagram, frequency
range 10—150 000 Hz, Elins, Russia). Structure of dry sam-
ples (20°C) was examined by the SANS method (YuMo
spectrometer, IBR-2 reactor, Joint Institute for Nuclear
Research, Dubna) [70] by measuring the intensities of
scattered neutrons by angles (0) with momentum transfers
q = (4m/2)sin(6/2) = 0.05—6.0nm™! for the spectrum of
A ~ 0.05—0.8 nm neutrons falling on the sample [71]. After
background subtraction, data calibration was performed us-
ing a standard (vanadium sample) being incoherent scatterer
for neutrons. SAS software package [72] was used to find
absolute scattering cross-sections of the samples dX(q)/d<2
were found depending on the momentum transfer (q) per
unit of solid angle equivalent to cm® of the sample volume.
Then, the neutron scattering and object modeling data
interpretation procedure was used [73].

2. Results and discussion

2.1. Neutron investigations of membranes

During neutron experiments on dry membranes with
DNDZ+, DNDZ-, DNDF particles, considerable growth
of the scattering cross-section o (q) was observed in the
region of the momentum transfers g ~ 0.01—1.0nm~! with
increasing fraction of filler (0.25—5.0 wt.%) due to a high
contrast of dense diamond crystals with respect to the
polymer matrix, which is illustrated by the data for the
matrix and composite materials with the typical diamond
concentration of C = 0.5 wt.% (Figure 1).

Behavior of the cross-sections ¢ (q) ~ q~° indicates that
diamonds in the polymer matrix as well as in liquid disper-
sions [74,75] are arranged in mass fractal type structures
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Figure 1. Neutron scattering cross-sections ¢ () in membranes
depending on the momentum transfer: / — original copolymer,
2—4 — composite materials with 0.5wt.% of the DNDZ+,
DNDZ-, DNDF diamonds. Ionomer peak position (q*) is shown.
The line shows typical behavior of the cross-sections ~ g2
Inset — example of peak approximation by the Lorentz function,
data (1).

with dimension D¢ ~ 2, ie.
particle aggregates (Figure 1).

Diamonds that differ in chemical properties and degree of
hydrophilic property of the surface due to the grafted groups
demonstrate common structuring patterns in the matrix
polymer where they produce chain (reinforcing) scaffolds.

However, diamonds affect the order of bundled conduc-
tive ion channels differently, which is expressed in the
presence of an interference maximum (ionomer peak) on
the cross-section curves in the position g* ~ 2nm~! corre-
sponding to the channel packaging period in the bundles,
Lc =27/q" ~ 3nm (Figure 1). For the series of samples
with the DNDZ+, DNDZ-, DNDF diamonds, ionomer peak
parameters (position of the maximum q* = ¢, amplitude
An and width T') (Figure 2) were found from the data
approximation by the Lorentz function multiplied by the
squared form-actor of thin linear channels (1/q) (Figure 1)
less the contributions of scattering from the channels
separately and from diamonds

they are chain (branched)

() = (An/a) [1 + (a — gm)>/T] . (1)

Growth of the modifier fraction causes the peak ampli-
tude reduction that is strongly pronounced when fluorinated
diamonds are introduced into the matrix, but is displayed to
a lesser extent when the matrix is filled with the DNDZ+,
DNDZ- particles (Figure 2,a).

DND-F diamonds, by contacting mainly with hydrophobic
skeleton chains in the channel shells, disturb the channel
packaging even in minimum amounts (0.25wt.%) where,
due to the growth of the channel packaging period (Lc),
the ionomer peak shifts towards lower momentum transfers
(Figure 2,b,d). At the same time, when the peak is getting
narrow, ['/Qm and, consequently, the aggregation number
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Figure 2. Ionomer peak parameters depending on the concentration (C) of the DNDZ+, DNDZ-, DNDF diamonds (/—3): a, b —
amplitude A and width I'; ¢, d — maximum (n position, channel packaging period Lc.
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Figure 3. Normalized proton conductivity (20 °C) of composite materials kn = «(C)/k(C = 0) depending on the fraction of the DNDZ+,

DNDZ- diamonds (a, b).

of channels in bundles are retained, i.e. channel assembly
disintegration doesn’t occur.

DNDZ+, DNDZ- diamonds with strong hydrophilic
properties, by interacting more with polar chain fragments,
cause channel assembly compression. This can be seen
from the peak shift towards higher momentum transfers,
which indicates reduction of the channel packaging period
(Figure 2,b,d).

However, curves Lc(C) differ qualitatively when dif-
ferent diamonds are introduced in the matrix (Fig-
ure 2,d). Modification by positively charged DNDZ+
diamonds causes monotonous reduction of the period
by Alc/Lc(C =0) ~ 3% (Figure 2,d). For negatively
charged DNDZ- diamonds, reduction of the period
(C =0-0.5wt.%) is changed by its sharp growth upon
reaching the concentration C = 1 wt.% followed by decrease
at C > 1 wt.% (Figure 2,d).

As the DNDZ+ diamonds were added to the matrix,
the mutual attraction of oppositely charged components
facilitates compact channel packaging in the assemblies

Technical Physics, 2025, Vol. 70, No. 2

(bundles), but upon reaching the diamond concentration
C* ~ 1wt%, this resource gets depleted and a slight
reduction of the period at C > C* means compression
of ion channels ALc/Lc(C =0) ~ 0.5wt.% (Figure 2,d).
C* ~ 1wt% is corresponded by numerical diamond con-
centration Np ~ 1.2 - 107 cm—3, where the mean spacing
between them Rinw = Np 173 ~ 20nm decreases to the size
of polymer domains with ordered (crystalline) skeleton
chain layout [48], and diamonds fill the rarefied areas at
the domain boundaries.

In composites with DNDZ-, mutual repulsion of like-
charged components prevails, and their segregation is
probable, which is followed by compaction of channel
assemblies at low content of the filler (C < 0.5wt.%).
However, upon reaching the critical point C* ~ 1wt.%,
diamond particles at the domain boundaries loosen the
chain packaging in them. The channels and their polymer
shells get expanded in the same proportion, and the channel
packaging period is restored almost to the initial level , but
further increase in the diamond concentration (C > 2 wt.%)
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leads to ion channel compression and packaging period
reduction (Figure 2,d).

2.2, Structure and proton conductivity of
membranes

Channel restructuring under the action of diamonds
is directly reflected in the ion conductivity behav-
ior ky =«k(C)/k(C=0) (Figure 3) that grows ini-
tially, &N ~ Lg 2. due to channel assembly compaction
(with constant channel diameter), but then decreases,
kn ~ (Lc — 28s)?, due to channel compression in the
polymer shells with constant thickness ds.

When the matrix is filled with the DNDZ+ diamonds,
the conductivity first increases by ~ 4% (C = 0—0.5wt.%)
and then decreases by 10% (C = 1-5wt.%) with respect
to the level for the matrix (Figure 3,a). The first segment
reflects the channel assembly compaction that stimulates the
conductivity, the second segment corresponds to the chan-
nel compression and conductivity reduction (Figure 3,a).
DNDZ- diamonds help increase the conductivity only at the
minimum concentration (0.25%) causing further decrease in
conductivity (Figure 3, b).

Data analysis for the composite materials with DNDZ+
has confirmed the correlations between the normalized
conductivity and period Ly = Lc/Lc(C = 0) according to
k> =P1/Ln, k> =Pa(Ly —P3) in the diamond con-
centration intervals C = 0—0.5, 0.5—5.0 wt.%, respectively
(Figure 4).

The following parameters were found from the lin-
ear data approximation (Figure 3): P; = 0.995+ 0.002,
P, =5.95+3.12, P; = 0.81 £ 0.09.

P;1~1 shows that the membrane conductivity,
kn ~ 1/L3, defined by the proton transfer in the bun-
dled ion channels grows proportionally to the number
of channels per unit of bundle cross-section when the
assemblies are compacted by small amounts of diamonds
(C =0-0.5wt.%), that don’t cause ion channel compres-
sion (Figure 4). The latter occurs when the matrix
is filled with diamonds (C > 0.5wt.%), when conductiv-
ity decreases proportionally to the squared channel di-
ameter d; = (Lc — 28s) according to ky = P3(Ln — P3)?,
where Ly = Lc/Lc(C =0) is the normalized diameter
with P3 = 28s/Ly that is defined by the thickness (ds)
and external diameter Lo = Lc(C = 0) of the shell in the
original matrix and is equal to the channel packaging period
(Figure 4). According to P3 and Lo, the shell thickness is
6s = P3Lp/2 = 1.1 £0.1 nm, and the ion channel diameter
is equal to dy = (Lo —28s) =0.5+0.2nm in line with
the neutron scattering data in such membranes [76]. As
the membranes are getting enriched with diamonds, the
channel packaging period decreases due to compression of
the ion channels whose diameter decreases by ~ 20% up to
d = Lc — 265 = 0.4 + 0.2 nm with the diamond fraction of
C =5wt%.

Unlike composite materials with DNDZ+ particles
charged oppositely to the matrix, when their mutual
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Figure 4. Linear correlations between conductivity data iy’

(20°C) and normalized packaging periods Ly of ion channels in
composite materials with the DNDZ+ diamonds.
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Figure 5. Correlations between the conductivity data /> (20 °C)
and normalized channel packaging periods Ly in composite
materials with the DNDZ- diamonds. Linear approximation
functions are plotted.

attraction stabilizes the channel network, in membranes
with like-charged components with DNDZ- C > 0.5 wt.%,
loosening of the channel assemblies causes conductivity
reduction (Figure 3, b) according to the correlations between
Kky/* and Ly (Figure 5).

In the matrix with increasing amount of DNDZ-
(0—0.5 wt.%), /c,{,/ * varies approximately as in composite
materials with DNDZ+, but the assembly packaging con-
centration interval is limited by a small fraction of diamonds
(C =0.25wt.%), where the channel packaging period is
reduced only by ALy ~ 1% (Figure 5). As the concentration
increases to C = 0.5 wt.%, channel compression with period
reduction by ALy ~ 3% takes place (Figure 5). However,
when C* = 1wt.%, the effect is inverted with the period
jump ALy ~ 3% almost to the value as that of the matrix
(Figure 5). In the critical point (C* = 1 wt.%), as when
the matrix is filled with DNDZ+ particles, the mean
spacing between them Rjy ~ 20nm decreases to the size
of polymer domains observed in scattering with momentum
transfers g ~ 0.3—0.8nm~! (Figure 1, data 7). In these
conditions, due to repulsion of like-charged ion groups of

Technical Physics, 2025, Vol. 70, No. 2
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the matrix and DNDZ-, the chain packaging is damaged, the
channels and shells are expanded in the same proportion,
therefore the conductivity doesn’t vary significantly (Fig-
ure 5). It is important that, when C > C*, segregation
with formation of nanoscale aggregates is typical of the
DNDZ- diamonds [47]. Then the diamond-depleted channel
structures change to subcritical state which was observed
with C > 2wt.%, when the channel packaging period was
reduced again (ALy ~ 3%) with a small decrease in the
conductivity, but it decreased significantly with the excess of
diamonds (C = 5wt.%) that prevented from arranging the
copolymer ion groups into channel structures (Figure 5).

In the DNDZ- diamond concentration ranges
C=0-0.25 and 0.25-5.0wt.%,correlations between
lc,{,/ ? and Ly in the membranes as well as in the samples
with DNDZ+ are characterized by K,L/ - Pi/Ln,
k* = Pa(Ly — P3) with P; = 1.001 £ 0.001,
P,=6.1+25 P3;=0.82+0.06 (Figure 5). They
are not much different from the parameters for the matrix
filled with the DNDZ+ diamonds because in both cases
there is a common mechanism of ion group segregation
from nonpolar copolymer chains.

Using P3, shell thickness ds = P3L¢/2=1.1£+0.1nm
and ion channel diameter d; = (Ly — 28s) = 0.5+ 0.2nm
were found in the original diamond-free membrane. These
quantities agree with those for the matrix in the sam-
ple series with DNDZ+.  Copolymer saturation with
DNDZ- particles (C = 5wt.%), as the DNDZ+ diamond
filling case, caused channel compression by ~ 20% to
d| = LC —253:0.410.1nm.

The established patterns of unlike-charged diamond influ-
ence on the conductive ion channel packaging and sizes are
common. Their influence on the membrane conductivity
is displayed more vividly during heating of composite
materials, which activates proton transfer.

At 50°C, the growth of conductivity by ~ 30% was
achieved in the composite materials due to the DNDZ+
diamonds and exceeded the effect of DNDZ- (~ 10%)
(Figure 6).
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Figure 6. Normalized proton conductivity kn = «(C)/x(C = 0)
of composite materials at 50 °C depending on the fraction of the
DNDZ+, DNDZ- (1, 2).
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Figure 7. Correlations between the conductivity data ry/”

and channel packaging periods Ly for membranes with the
DNDZ+ and DNDZ- diamonds at 50 °C (a,b). Concentration
growth directions are designated. Linear data approximation in
the concentration ranges (Ln) where diamonds cause channel
compression.

Correlation analysis results between the conductivity at
50°C and channel structure data are shown in Figure 7.
As the heated composite materials were enriched with the
DNDZ+ diamonds (C = 0—5wt.%), they demonstrated the
dependence of K,i,/ % on Ly similar to that at 20°C (Fig-
ure 4,7, a). /c,{,/ 2 first increased, then decreased linearly with
period reduction ky/* = Pa(Ly — P3) with P, = 8.8 + 1.8,
P3 =0.85+0.03 (Figure 7,a). The found channel shell
thickness 6s = P3Lg/2 = 1.1 £0.1nm approximately cor-
responded to that at 20 °C, thus, confirming the structural
temperature stability of the membranes.

In the sample series with the DNDZ+ diamonds, the orig-
inal matrix at 50°C had the channels with approximately
the same diameter dic = (Lo — 28s) = 0.5 + 0.1 nm as that
at 20°C (0.52 nm). In the composite material (50°C),
the diameter decreased by ~ 20% up to dic = 0.4 £ 0.1 nm
under the influence of the DNDZ+ diamonds (C = 5 wt.%).

When composite materials with DNDZ- were heated
to 50°C, the correlation pattern between K,i,/ > and Ly
was retained. With C = 1—-5wt%, ky* = Py(Ly — P3)
with P, = 4.42 £0.01, P; = 0.763 £ 0.001 was observed
due to the channel diameter variation (Figure 7,b).
Channel shell thickness 6s= P3Ly/2 =1.04+0.01 nm
was comparable with that in composite materials with
DNDZ+. Channel diameter in the heated matrix was
d =Ly —255s=0.64 +£0.0l nm, and saturation with the
DNDZ-diamonds (C = 5wt.%) gave rise to channel com-
pression by ~ 14% to d; = 0.55 £ 0.02 nm.

Review of the structural examination and membrane
conductometry data in the initial and heated conditions
has identified common patterns of the channel structure
influence on the ion conductivity of the sample series
with diamonds (DNDZ+, DNDZ-) with low and high
diamond content (0.25—0.5, 1—5wt.%). Channel assembly
compaction and channel compression prevailed in the first
and second ranges, respectively. The first mode is typical
of the DNDZ+ diamonds due to their attraction to the
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Figure 8. Normalized ion conductivity of composite materials
kn and K/ data (a,b) at 20 and 50°C (1,2) depending on
the fraction of the DNDF diamonds (C) and channel packaging
period (Ln), respectively. Linear data approximation is shown (b).

copolymer ion groups, the second mode is typical of the
DNDZ- diamonds due to their repulsion from the groups
and segregation trends in the matrix. The analysis has
identified the advantages of using the DNDZ+ diamonds
with positive surface potential to improve the conductive
properties of membranes.

In addition to the matrix modification with hydrophilic
diamonds (DNDZ+, DNDZ-), it was interesting to under-
stand the way how hydrophobic diamonds with fluorinated
surface affect the matrix structure and proton conductiv-
ity [30].

Unlike the DNDZ+ and DNDZ-particles, the DNDF
diamonds interact primarily with the hydrophobic skeleton
copolymer chains, thus, damaging their packaging. As the
matrix gets filled with the DNDF particles, the channel
packaging period increases (Figure 2,d) leading to a con-
siderable decrease in the ion conductivity (Figure 8, a) with
the critical concentration C* = 1 wt.%, as in the hydrophilic
diamond case.

/c,i,/ > and Ly demonstrated the linear correlation
k> =1-Pi(ly — 1) with P; =4.6+0.5,
Py =5.6+0.6 at 20 and 50°C (Figure 8,b). Increased
temperature caused the growth of P; by ~ 20% because
polymer chain mobility has increased and diamonds were
incorporated between the chains more actively during
heating. As the matrix got filled with diamonds, not
only loosening of the channel packaging with increasing
packaging period (Figure 2,5), but also damaged channel
coherence were observed. Therefore, the conductivity
of composite materials decreased considerably with the
fraction of diamonds of C = 1wt.% (Figure 8,a), and its
partial reduction when the fraction of diamonds grew to
2wt.% was caused by their segregation when they excited
the ion channel network to a lesser extent.

Unlike the carrier groups, the polar groups of DNDZ+
and DNDZ- particles that form chain scaffolds in the
matrix to compress the channel assemblies and ion channels,
fluorinated diamonds loosen the hydrophobic chain pack-
aging and fragment the channel network, thus, weakening
the membrane conductivity considerably. The revealed
mechanisms of action of hydrophilic and hydrophobic filler
particles on the membrane ion channel network haven’t
been discussed before. The study was successful in finding

the patterns that controlled electrophysical properties of
membranes driven not only by the amount of incorporated
particles, but also by the surface properties (hydrophilic,
hydrophobic), which predetermined the type of interaction
between the perfluorinated copolymer and its polar and
non-polar fragments.

Conclusion

The neutron scattering experiments in perfluorinated
composite membranes with incorporated detonation nan-
odiamonds identified the type of ion channel ordering with
parallel packaging into assemblies with transverse periods
set by the external dimensions of polymer channel shells.

In the polymer matrix, the hydrophilic DNDZ+ and
DNDZ-diamonds with positive or negative surface potential,
due to the presence of functional groups (H, OH or COOH),
interacted with polar chain fragments acting directly on the
channel network of the membranes.

Small concentrations of modifiers compacted the mem-
brane channel network by reducing the channel packaging
periods in the assemblies enclosed by the scaffolds com-
posed of diamond chain aggregates. Due to the electrostatic
attraction to the copolymer ion groups, even small amounts
of DNDZ+ patticles (C = 0.5wt.%) caused the increase
in ion conductivity of composite materials at 50 °C with
growth by ~ 30% which was facilitated by hydrogen bonds
between the components. In case of similar (negative)
charges in the polyelectrolyte and incorporated DNDZ-
particles (C = 0.25wt.%), the achieved effect was thrice
as low due to the mutual repulsion of components and
diamond segregation trends. Membrane enrichment with
different diamonds to C = 5Swt.% gave rise to ion channel
compression by 20% and ion conductivity reduction of the
materials.

Unlike the hydrophilic DNDZ+ and DNDZ- particles,
primarily hydrophobic DNDF diamonds, incorporated into
the matrix, with fluorinated surface contacted with non-
polar copolymer skeleton chains by loosening the copoly-
mer structure, increasing the channel packaging period and
fragmenting the channel network, thus causing the fourfold
reduction of the material’s ion conductivity.

When various diamonds were incorporated into the
matrix, general particle size exciting effect on the polymer
packaging was observed with the critical concentration
C* = 1wt%, when the distance between them in the
matrix decreased on average to the polymer domain size
(~20nm), and copolymer ordering with formation of ion
channels was complicated significantly, which reduced the
ion conductivity considerably.

In future, the obtained results identifying the mechanisms
of influence of the diamond modifier on the structure and
ion conductivity of perfluorinated membranes will be used
to select the properties and concentrations of diamond
particles in a targeted manner to form composite materials

Technical Physics, 2025, Vol. 70, No. 2
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with improved functional properties that are necessary in
hydrogen energy, chemical and other technologies.
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