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Cofitposites of polymers and organized carbon nanotube (CNT) networks have been proposed as next-

h

ichtweight structural materials, yet polymer infiltration of CNT networks often results in

strggs-conce@trating heterogeneities, due to local CNT aggregation or incomplete infiltration. Herein, it

!

ated that dense CNT-polymer composites with tailored polymer distribution can be

ob interfacial polymerization (IP), performed in-situ within CNT networks. Three regimes of

U
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the in-situ interfacial polymerization (ISIP) process are identified: a reaction-limited regime where the
polymer forms beads on the CNTs; a uniformly-filled regime with polymer throughout the CNT
network; and a transport-limited regime where polymer only forms near the outer surfaces. Uniform
WNT composite sheets obtained by this method have a Young’s modulus of 31 GPa and a
tenSile strength of 776 MPa, which is a two-fold increase compared to the pristine CNT sheets. Overall,
ilure of the composites is attributed to large voids in the pristine CNT sheets, suggesting
proved mechanical properties can be achieved with a more homogeneous CNT network.
Nevertheless, the rapid rate and overall controllability of ISIP suggest its viability for formation of

!OIEhin CNT networks via roll-to-roll methods.

1. Introdudtion

C

r composites are promising materials for high-performance structural

(@]
=
s

applicatio y combine the high strength and low density of CNTs with the ductility and

U

versatility mers. Early research on CNT-polymer composites focused primarily on bulk

dispersion fethods of CNTs in a polymer matrix, which only allows for the addition of low CNT

A

contents ( der of a few wt.%), and therefore only gives slight enhancements in mechanical

d

properties rela to the polymer. Yet, advances in floating catalyst based chemical vapor

deposition ) of CNTs,[Z] have enabled the formation of CNT assemblies such as sheets® or

\Y{

fibers' uous fashion. As a result, there has been a strong interest in creating highly
loaded CNJI-polymer composites using CNT yarns or sheets, particularly using manufacturing

techniques well-known in the fiber composites industry such as resin impregnation and curing.

Of

High ontent composites are most often obtained by infiltration of CNT networks with a

polymer sofution or a polymer melt.”! However, direct polymer infiltration of CNT networks results

h

in com

L

heterogeneous morphologies and poor mechanical properties, due to stress

concentrations atfvoids within the composite. These voids generally arise from CNT aggregation,

U

resulting polymegatich regions, as well as from the differential mobility of polymer chains with

A
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different Iengths.[sl Additionally, many polymers used for structural and aerospace applications, such
as aramids, feature low solubility in most common solvents and have high melting points, making
them im with direct infiltration techniques. Other methods, in which solutions of
nanofibersm

mids combined with CNTs, are cast to form a composite film, have been

eproreE[SEever, the composites obtained by this technique feature low CNT content (1.5-7.5

wt.%), due t:thjimited ability to disperse the CNTs and nanofibers in solution.

One approach to overcome infiltration limits of polymers in dense CNT networks is to first
infiltrate mmer, and then polymerize the monomer it in-situ by free-radical bulk
ponmerization”’Es:r electropolymerization.">*? While the morphology of composites obtained

using this t more uniform than in the case of polymer infiltration, the mechanical properties

of the fin sites are usually inferior due to use of polymers with mechanical properties

unsuitablem modulus and high strength applications, such as polystyrene, poly(methyl

methac lyaniline.**! Moreover, chain-growth reactions, particularly bulk polymerization,

are usually sIoE
hours or days.”™ Therefore, toward manufacturing of structural CNT-polymer composites, it is highly

h reaction rates on the order of 10° mol L .s*and reaction times on the order of

desirable t!have a means of forming high-performance polymers rapidly within CNT networks.

Int @ polymerization (IP) is a type of polycondensation reaction where a polymer is

formedrface between two liquids, each containing one or more reactive monomers.™
The m embodiment of IP consists of the formation of polyamides at the interface
between aqueous solution containing a diamine monomer, and a water-immiscible organic

solvent containinSan acid chloride (or acyl chloride) monomer. IP typically uses highly reactive

monom{ction rate is ~10%-10°mol L™ s, and films form in seconds.!™ IP is used in fiber
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spinning,*® coating of fabrics in the textile industry,'*”? and the preparation of thin film composite
membranes for water desalination.™ By choice of the monomers and their functionality, IP can
result inﬁnge of polymer types (e.g. polyamides, polyimides, polyureas) and morphology
(e.g. linear osslinked network). IP has also been used to form composites of CNTs with
aIiphatic‘pE but this was done by dispersing CNTs in the organic solvent which limited the

CNT contentof the final composite to ~1 wt.%.*>!

Herein, present a versatile and scalable approach to manufacture dense CNT-polyamide
composite ipferfacial polymerization within CNT sheets. The choice of the organic solvent, and
the monomer cosentrations, enable control of the polymer loading and distribution in the CNT

sheet. Usiﬁpoly(m—phenylene isophthtalamide) (PMPI) as a model system, we combined

elemental electron microscopy, thermal analysis, uniaxial tensile testing and fractography

to identifymence of monomer concentration and solvent type on the PMPI properties and its

spatial within the CNT network. Building on these observations and the kinetics theory

of interfacial ndensation, we provide insight on the design of the IP process in order to obtain

tunable morphologies, ranging from discontinuous polymer-coated CNTs to monolithic dense CNT-

polymer cdfhposites.

[

Autho
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2. Results

To eprorithe u,e of ISIP for the formation of dense CNT-polymer composites, we used the

polycondemtion (Figure 1a) of a diamine monomer (dissolved in water) with an acid

chloride m solved in a water-immiscible organic solvent). We chose R and R’ to be meta-
H I

phenyl grollps because these groups are known to form mn-mt interactions with CNTs, which are

stronger t@er Waals forces.™ The process is performed as follows (Figure 1b): a CNT sheet is
rs

first imme in.an aqueous solution containing m-phenylene diamine. After a set time, the sheet is
removed fmsolution, excess liquid is flung off, and then the sheet (still imbibed with the

aqueous solution)fls immersed in an organic solvent (chloroform or cyclohexanone) with dissolved

isophthalo ide. The IP reaction occurs in the organic solvent at the liquid-liquid interface, and
polymer c ipitate when reaching a critical length due to their low solubility in the organic
solvent. A gus uilt reactor featuring a rotating carousel allowed the simultaneous immersion of

up to si§s in the reaction medium (Figure 1c). After removal, rinsing, and drying, PMPI is
found to be dj ted in the CNT network (Figure 1d,e). The DC electrical conductivity of the CNT-
PMPI composites increases slightly compared to the neat CNT sheets (Figure S1a, b), indicating that
ISIP does ns reduce the number of CNT-CNT contact points within the sheet, which would result in a

decrease oOductivity. We attribute the increase in DC conductivity upon formation of PMPI
r

to the inte multiple factors. Polymer appears to precipitate preferentially around the contact
points betWieen CNTs (Figure Slc), and we hypothesize that polymerization around CNTs at contact

points c“in a decrease in the contact resistance and therefore an increase in the overall

conductivity or t5composite. Subsequently, with increasing monomer concentration, more PMPI is

produced at thf locations and overall, resulting in a further conductivity increase of the

This article is protected by copyright. All rights reserved.
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112 composite. Additionally, capillary forces could also cause slight densification of the CNT network

113 upon infiltration of the solvent. However, further investigation is necessary to identify the exact
114 influence jt?ﬁ jdentified phenomena on the electrical properties of the CNT-polymer composites.

a 0 0 5 i R
n HzN\R/NHz +n )j\ J\ —> 4 R7 +(2n1)HCl | R=R = O
Cl R ™l N
° +
. —_— — . e — e
L__J
Water+diamine DI Water
Organic solvent Acetone
a — + Acid chloride
PMPI
: Flow direction
C  Overhead

stirrer

-

~—Sample

carousel
Monomer o . . CNT-PMPI composite
L oiiton Neat aligned CNT sheet (Chloroform)

115

116  Figure 1. Polymer formation by interfacial polymerization in a CNT network. (a) Interfacial
ation reaction resulting in the formation of a polyamide. Herein, R and R’ are both meta

117 polyconde
118  phenyl mi ematic depicting the formation of a polyamide in a CNT network by interfacial
119 ponmeW nanoporous network is first immersed in an aqueous solution containing the
120 diamine monomer. It is then transferred to an organic solvent containing the acid chloride
121 monomerﬁnic phase displaces the water phase and the acid chloride reacts immediately
122 with the

123 impurities (u d monomer and byproduct) to result in a dense CNT-polymer composite. (c)

forming polyamide and a byproduct (hydrochloric acid). Rinsing steps remove

This article is protected by copyright. All rights reserved.
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Front-view of the ISIP reactor. (d,e) Optical and SEM images show the top view of CNT sheets (d)
before, and (e) after ISIP using chloroform as the organic solvent.

T

2.1. Key cs for ISIP

H I
To guide uSerstanding of the relationship between synthesis conditions and final morphology, we

first presengfan iferpretation of the mechanism of ISIP in CNT sheets. After the first immersion step,

C

the CNT net retains the aqueous solution of m-phenylene diamine within its porosity. Plunging

the water- network in the organic phase results in interplay between the capillary-driven

S

flow through which the isophthaloyl chloride solution displaces the aqueous phase, and the polymer

Ul

formation a cipitation near the moving liquid-liquid interface (Figure 1b). Additionally, IP

OocCcurs on

1

nic side of the interface; m-phenylene diamine molecules diffuse from the

aqueous phas the organic solvent before reacting with the isophthaloyl chloride molecules. As

d

a result cess involves two main governing rates (in mol L s™):

Tans = Reapi + Raifr which encompasses the contribution of the capillary-driven

M

transport (R.qp;) due to the motion of the liquid-liquid interface—influenced by relative

[

energies of the two liquids and the CNTs—and the diffusive term (Ry;¢r) which
ts the diffusion of the diamine monomer through the liquid-liquid interface,

aqueous to the organic solution.

ho

r«n Wihich is the rate of the polycondensation reaction between m-phenylene diamine

hthaloyl chloride in the organic phase (Figure 1a).

Aut
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The relative magnitudes of these two rates define the final morphology of the composite (Figure 2a).
On the one hand, to obtain uniform polymer loading, the rate of polymerization R,.,,, must not be so
rapid squoids within the CNT network become obstructed with solid polymer before the
organic ph imbibed the network. In the case where Ry qns < Ryxn , We say the process
is ”trangp(iww’. On the other hand, if Riyqns > Ryxn , the process is said to be “reaction-
limited” andgthgyreaction may be so slow that polymer only partially fills the interior of the CNT

sheets aft rsion times of ~minutes. In the case where the two rates are comparable

(Rtrans"’R

n
void space je CNT network.

The imbibittics through the network (captured by rate R ,,;) depend on the characteristics

iform, dense composite can be obtained, with the polymer completely filling the

of the CNT including the CNT diameter distribution, packing density, and alignment. In this

study, we n aligned sheets of multi-walled CNTs (MWCNTSs) obtained by a floating catalyst

CVD m 2 (Fi
stronger affinj

order of the liquid phases in which the CNT sheets were immersed.

[23]

ure 1c). The generally hydrophobic nature of MWCNTs“* and their resulting

h the organic solution than with the aqueous solution informed the sequential

Additionall epends on the miscibility of the organic solvent with water. A solvent featuring

higher waility results in higher values of Ry;rr. From this perspective, to evaluate the
influenxlvent water miscibility on the final composite morphology and properties,
compo sing chloroform (miscibility of 8.1g L™ in water at room temperature)®! and

cycIohexan!ne imiscibility of 87g L™ in water at room temperature)'” were compared.

<C
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For a given solvent, the rate-limiting step and therefore the final morphology can be adjusted by

tuning the monomer concentration (Figure 2b).[26] Assuming that the polymer precipitates

immediateHhe polymerization proceeds, we can consider that all the rates are equal to their
o

initial valu LB ans = Rapi + Raipr and R7yn. We consider that both Rg;rr and R7y, are

dependen!n the initial monomer concentrations of m-phenylene diamine [NH,], and isophthaloyl
chloride [CQ£1] gy While RZ,,,; is a constant for a given solvent as it only depends on the surface
energy of t nic phase. Additionally, we consider that both monomers are present in a 1:1

molar ratiw [NH,], = [CcOCl], = [M], as these conditions lead to the highest molecular

weight polﬁording to reaction stoichiometry and experimental observations.™ From there,
e

we can wri e concentration dependence of the diffusivity rate as

- "

m Rgiff o d

where kg - ate constant characteristic of the diffusion of diamine from the aqueous solution
. . . P . e A .
to the orga tion, d is the diffusion distance at the liquid-liquid interface, and%ls the

gradient of monomer concentration between the aqueous phase and the organic phase. Considering

there is nomin the organic solution initially, and that d is a constant, we write:

[M],
Raifr = kaifr 4 - kaifrerr [M]o

In this L;f is determined by the solvent type.

Next, the nce of polymerization reaction rate on monomer concentration [M], can be

written ac to the kinetics established for the polymerization reaction. We consider that

<C

This article is protected by copyright. All rights reserved.
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polymer forms through the self-catalyzed reaction mechanism™® of addition-elimination (Figure S2).

First, a nucleophilic attack occurs on the positively-charged carbon atom in the acyl chloride

|

P

functional group by the lone pair on the nitrogen atom in the amine functionality. Then, the carbon-

oxygen do forms and a chloride ion is pushed off and recombines with the hydrogen ion

from thgn ogen to form HCI. From there, we can write:?®

£

R?xn = kyxn [NHZ]O [COCl]o [COCl]o = Kyxn [M]g

Here, k.., it e constant of reaction and is assumed to be independent of solvent type.

SC

QualitativeRp® re 2b we show how R?,,, and RZ,.,,s depend on [M],. The concentration range

U

d[M]S¥ near ¢rit within which both rates are comparable and uniform polymer composites can

be obtaine®, depends on the angle 6 between the curve RZ,, and the RZ. 4, line at [M]S. For a

1

[

uniform lo polymer to be created, the difference between R?,, and R7.,,s must be less

a

than some finite Value dR,;;- The range of concentrations amenable to this regime decreases as

increases. Qu ely, for large values of @, the parameter range giving uniform polymer loading

I\

may be assess expeimentally, as a small change in [M], immediately results in a direct

transition fgom the transport-limited regime to the reaction-limited regime. As 8 is directly related

§

to the slope intercept of Rfy4ns, it is determined by solvent type.

O

The present y focuses on varying monomer concentration to identify the different kinetic

h

regimes foRthe two chosen organic solvents, specifically cyclohexanone and chloroform, and relates

the rate

f

p to the final morphology and mechanical properties of the obtained CNT-PMPI

composites. In at follows, we first combine electron microscopy, elemental analysis and

Ul

thermogravim analysis to identify the different kinetic regimes associated with the ISIP

A
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201 conditions, as well as the nature of the polymer formed and the CNT-PMPI interaction. Second, we
202 focus on assessing the multiscale morphology of the composites and its influence of the final

203 mechanica'pr“erties of the CNT-PMPI composites obtained in the defined kinetics regimes.

a Regime Condition Morphology
Reaction-limited Rians> Ro
Uniformly-filled Rians ~ R
Transport-limited Roans < R
b
Rate A . 3
Re Rrxnu [M]o

RC

cap

=

0 [M] Monomer conc. [I\W]0

Regime
204
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Figure 2. Relative rate dependence and resulting final composite morphology. (a) Definition of the
different kinetics regimes based on the relative magnitudes of the transport rate and the reaction
rate, as well as the expected resulting morphology. (b) Qualitative representation of the dependence

of the dWs involved in ISIP on monomer concentration.

Q.

2.2. Assessmentmofipolymer content variation and rate-limiting step

L

Guided bycheory, we now show how to produce CNT-polymer composites with tailored

polymer m gy by ISIP. This is accomplished by adjusting the relative magnitudes of the

transport won rates by varying the solvent type and [M],.

Energy Dispersivel X-Ray Spectroscopy (EDS) was used to assess polymer content variation
throughou kness of the CNT composites (Figure 3), as well as the presence of potential

byproduct al solvent. Neat CNT sheets show nitrogen (N) and a chlorine (Cl) content on the

order of Ot.% (Figure 3a), allowing us to use the N signal as a measure of the polymer
conten th. Additionally, the Cl signal increases between the neat CNT sheets and the
CNT—PI\‘E% (Figure 3b-d), particularly in the case where chloroform is used as the solvent.
This increase is attributed to the amount of residual by-product (HCI) and chloroform trapped in the

polymer, v&l'ch could not be washed off nor evaporated due to the dense and tortuous CNT-PMPI

composite@.

CNT—PMKES obtained with cyclohexanone and chloroform at equivalent monomer
concen B% mol L) exhibit very different spatial distributions of the polymer content
throughout the thickness of the CNT sheet. The CNT-PMPI composite formed with cyclohexanone

shows a caolymer loading throughout the thickness (Figure 3b), indicating that a [M], of

<C

This article is protected by copyright. All rights reserved.
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0.15 mol L™ resulted in RS > RV e, the reaction-limited or uniformly-filled regime as
defined in Figure 2a. The uniformity of polymer distribution is further confirmed by 2D EDS mapping

(Figure S3 a ble S1). Conversely, IP using chloroform produces a gradient of polymer content,

decreasing center of the CNT sheet. (Figure 3c). This suggests that the same [M],

| *
resulted insgm;’;o < REMOTo o the transport-limited regime.

This obsergation I8} explained by the dependence of solvent transport rate on its miscibility with

C

water. Cyclghe ne features a water miscibility 20 times greater than chloroform, resulting in

S

faster diffu -phenylene diamine through the interface. From this perspective, the slope of

RPrans With [M], i§)greater in the case of cyclohexanone (Figure 2b) and the uniformly-filled regime

5

occurs at M]S. However, for [M],=0.17 mol L™ in cyclohexanone, non-uniform polymer

N

distributio ned (Figure 3d) indicating that the increase in monomer concentration results in

cyclo yc
Rtrans <

a

. the transport-limited regime is reached. Transmission Electron Microscopy
(TEM) i re 4) of a thin (60 nm) cross-section of a CNT-PMPI composite obtained in

cyclohexa M],=0.15 mol L™, also suggest uniform polymer loading throughout the thickness

\%

of the sheet with no apparent residual voids (Figure 4a). Nevertheless, the large amount of polymer

and the th

1

f the cross-section in those conditions does not enable high-resolution imaging

and assess @ he crystallinity of the PMPI formed by ISIP. From this perspective, cryo-FIB was

performed to isolate lamellae from the core of CNT-PMPI composites obtained in the transport-

h

limited se lamellae exhibit lower polymer content and enable high-resolution TEM

[

images CNTs and PMPI (Figure 4b), showing that PMPI synthesized by ISIP forms an

amorphous solid c@ating on the CNTs, which prevents the observation of the crystalline planes of the

U

CNT walls by igure 4c).

A
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CNT-PMPI composite (Chloroform)

a Neat aligned CNT sheet c 0.15 mol L

20 . :

0 2. |
3 T 15
=2 2
o) o)
[6) [&] 10 k
8 5¢ s
R @
D D 5 L

<
0 05 1 15 % 1 2 3
Composition (at.%) Composition (at.%)
b CNT-PMPI composite (Cyclohexanone) d CNT-PMPI composite (Cyclohexanone)
0.15 mol L™ 0.17 mol L™
20 T - 20 . ;

Distance (um)
s o

w

[=]

Distance (um)
= o = o

2
Composition (at.%) Composition (at.%)

Figure 3. e profile through the cross-section of (a) the bare CNT sheet, and (b-d) composite
sheets obtai ing [M], = 0.15 mol L™ in (b) cyclohexanone and (c) chloroform as the organic
phase, = 0.17 mol L™ in cyclohexanone. Nitrogen is one of the main elements that is
present in the polymer chain, but not in the CNTs. Chlorine is the result of residual hydrochloric acid
or chlorinated solvent in the system. The blue dashed line indicates the average at.% of nitrogen
while the sfladed area is the error of the EDS measurement. The red dashed line is the expected at.%
N calculat TGA measurements. Inset images show scanning electron micrographs of the
cross-secti e relevant samples and the red lines show where the EDS scans were performed.

ori M

Auth
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ad CNT-PMPI composite (Cyclohexanone) b CNT-PMPI composite
0.15 mol L (Chloroform) - 0.15 mol L

Cutting direction

Figure 4. TEN ages of CNT-PMPI composites. (a) Microtome section of a CNT-PMPI composite
showing u Pl loading. Compression and shear during the cutting process result in some
CNTs aligning along the cutting direction. (b) TEM view of a CNT-PMPI lamella obtained by Cryo-
Focused lo (FIB) from a composite sample formed in chloroform. (i) A sheath of PMPI formed

around a sj , (ii) neat PMPI bridging between CNTs, and (iii) a residual iron catalyst particle
embedde PMPI. (iv) Higher magnification of the PMPIl-wrapped CNT shows the pattern typical for

amorphou I. (c) Schematics explaining the different appearance in TEM images of PMPI-
wrapped C @8Pending on the focus of the electron beam. Regardless of the beam focus location,
the crystal & s of the CNT walls cannot be resolved due to the amorphous nature of the PMPI

coating. Whé electron beam is focused on the center of the CNT, a higher brightness line can be
seen a center of the CNT as seen in (i). When the electron beam is focused on the
surface of the amorphous texture of the polymer dominates, and the CNT wall crystalline

planes can esolved, as seen in (iv).

2.3. Therrrhty of in-situ polymerized polyamide and the effect of CNTs

Thermogra@analysis was used to assess the thermal stability of PMPI synthesized by ISIP, as
well as ﬂr content in the final CNT-PMPI composite (Figure 5). PMPI, as well as the CNT-
PMPI comFsites,rhow a significant mass loss beginning at around 400°C, corresponding to the
decomposi;MPl (Figure 5a). Note that in its neat form, the decomposition profile of PMPI is

independe vent type and monomer concentration used in the IP process.

<
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The relationship between polymer content and [M],is strongly influenced by the organic solvent
used for ISIP (Figure 5b). For cyclohexanone, the polymer content increases with [M], < 0.15 mol
LY thenhnstant at higher concentrations. In the case of chloroform, the polymer content
increases ically with [M], (from 0.075 to 0.28 mol L). By EDS, we find that CNT-PMPI
composﬂeiMed in chloroform solutions with [M], = 0.1 mol L feature non-uniform polymer

loading, indiitif the transport-limited regime at these concentrations. Similarly, we find that CNT-
i

PMPI com btained in cyclohexanone solution with [M], = 0.17 mol L™ also fall within the

transport—lwgime of the ISIP process.

Comparedg PMPI synthesized by IP in absence of CNTs, CNT-PMPI composites show a
dependenc onset temperature of thermal degradation T,,s.; with monomer concentration
and solve igure 5c). In the reaction-limited regime (cyclohexanone with [M], < 0.15 mol
LY, Tonset with [M], and is greater than T,,,s.; of neat PMPI. The increase in Typger Can be
influen the polymer loading, as well as variations in polymer characteristics (density,
ordering) due e presence of CNTs. First, in the reaction-limited regime, an increase of [M],
results in more PMPI being formed between the CNTs at otherwise identical IP conditions, i.e., a
higher poI\Ser content overall. We hypothesize that the greater polymer content impedes diffusion

of decomey-products from the CNT sheet, imparting a higher measured onset temperature.

As such, C composites showing uniform polymer loading (cyclohexanone and [M], of 0.15

mol L) ex!bit the highest measured Ty, ¢0¢- Chloroform does not show a uniformly-filled regime in
the ranMentrations tested. Second, in the transport-limited regime, T,;, ;. decreases

linearly wit reaching values lower than that of neat PMPI, suggesting that CNT-PMPI

interaction also ifuences Tonset- In addition, the slope of the decay is independent of the solvent
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used for ISIP, suggesting that the CNT-PMPI interaction is governed by the chemical structure of the

polymer, regardless of the solvent used for IP.

{

The varie jon of polymer content with [M], in the transport-limited regime can be
understoo ing the solubility of PMPI in the two organic solvents, and its impact of the
H I

final densitig of the polymer formed. In this analysis, we consider that the PMPI formed by ISIP is

amorphouglas obServed by Transmission Electron Microscopy (TEM) (Figure 4b) and expected from

oG

the high polydispersity which results from the IP reaction.”” We calculate the polymer-solvent

interaction r ter Xpmprsor based on the Hildebrand solubility parameters for PMPI,

cyclohexanone, anll chloroform following the formalism:!**

Ui

_ v(Spmpr — Ssow)”
XPMPIsolv = RT

Herevis t

dll

volume (m® mol™) of the solvent, 8pyp; and 8,5, are the Hildebrand solubility

param for PMPI and the solvent respectively, R = 8.314 J mol™ K is the ideal gas

1/2

constant = 298K the temperature. We consider 8pyp; = 26.8 MPa™”* as reported in the

M

literature ?® and confirmed by Van Krevelen group contribution calculation for solubility parameters

and mola

]

es.”™ The values &cpero = 19.6 MPa™?, vy = 104 mL mol™, Sepioro =

19.0 MPa* @ hioro = 80.7 mL mol™ for cyclohexanone and chloroform were taken from the

~
2‘

literature.

We fin XpMPgchloro = 1.98 and Xpumpy cycio = 2.18. This is in agreement with the experimental

th

observatio th chloroform and cyclohexanone are poor solvents for the polymer (y > 0.5),

U

and result itation of PMPI upon polymerization. Nevertheless, chloroform is a better solvent

A
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for the polymer (lower ¥), suggesting that it can swell the solid PMPI forming at the surface of the
CNTs to a greater extent, allowing for reactive monomer molecules to be trapped in the network
(Figure 5d).WHothesize that, with time, more polymer chains form from the trapped monomers
and densif id PMPI coating attached to the CNTs, as this has been observed for multiple
polyamﬂe—iysems formed by traditional IP at a liquid-liquid interface.”® Cyclohexanone does not

result in as_nugh swelling of the polymer, and the mass density of the polymer stays constant,

resulting in tion of the polymer content with [M],.

rN

a b c
100 Bare CNTs| = 30 ol © o909 *
. Composite| £ 25 D 1 g 480 ®
= = |5
S 80 = 0} | 2460 A A
< 20 ;T
2 £ #R2 2 5 54 4% . K.
7 8 15 A 5 1 E CDCD A
S 60 5 3 |8 420] R §
£10 30 w400 S
o | 2 [ |
‘ ‘ : —l d 5 — S 380 S
200 400 600 800 0.05 01 015 02 025 03 0.05 0.1 0.15 0.2 0.25 0.3
Temperature (°C) Monomer concentration (mol L) Monomer concentration (mol L)
| £ % & CNT-PMPI (Cyclohexanone) & & CNT-PMPI (Chloroform) |
d CNT-PMPI composite CNT-PMPI composite
(Chloroform) (Cyclohexanone)
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g % 8 Monomer
S5 © & molecules
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g) é ROy D‘;’ E - o
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c —> B S o
= O
v Cyclohexanone

Figure Mavimetric analysis (TGA) of the CNT-PMPI composites. (a) Representative TGA
decompositi iles obtained for the bare CNT structure, the pure polymer, and the composite.
The solid and dashied yellow lines correspond to PMPI synthesized by IP in the absence of CNTs in

chlorofor lohexanone, respectively. (b) Evolution of the polymer content in the composite

with mc&centration. (c) Evolution of the decomposition temperature of the PMPI in the
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composite with monomer concentration. Filled markers correspond to the reaction-limited regime,
star-shaped markers to the uniformly-filled regime, and empty markers to the transport-limited
regime. The error bars represent the standard deviation of values obtained from analysis of three
sample%ymerization condition. The average value of decomposition temperature (yellow
dashed lin€) for PMPI synthesized in the absence of CNTs, and standard deviation between samples
synthesizeg 0 he same conditions (yellow shaded area) are also plotted for comparison. (d)
SchematicsSexplaifling the qualitative evolution of PMPI density with monomer concentration,
dependi-ng on the organic solvent. t,,, refers to the duration of the ISIP reaction.

Author Manuscri
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2.4. Mechanical properties and fracture mechanics

MechanicaI Eroge'ies also guide interpretation of the CNT-PMPI composite morphology, and the

role of homnd polymer distribution at larger length scales. Uniaxial tensile testing was

performed -PMPI composite sheets obtained by ISIP (Figure 6). The composite samples were
H I

cut into dag-bone specimens following the 1SO-37 standard (Type 4 geometry) for tensile testing.

Load was lie ng the alignment direction of the CNTs. Representative engineering stress-strain
curves for the e aligned CNT sheet and the ISIP composites (Figure 6a) indicate a toe region
followed b ingdr region. The toe region is attributed to the rearrangement of the CNTs, which
become more uniformly aligned along the loading direction with increasing strain. This is a

B9 as well as biological fiber-reinforced composites®” and

characteristi ior of CNT assemblies
nanofiber iThe maximum stress corresponds to the initial failure point in the gauge region.

Upon further % g, the specimen exhibits decreased stiffness but continues to carry load until

final faj bserved that all specimens develop multiple local failures. This is commonly

[34] [35,36]

observed for NT neat assemblies™® and composites,®*” as well as carbon fiber composites

and is attributed to sequential failure CNT bundles and CNT-polymer interfaces, as well as

redistribut!n of stress as loading proceeds.
CNT-PMPI ites obtained with cyclohexanone in the uniformly-filled regime exhibit

significantlyai alues of elastic modulus (Figure 6b) and tensile strength (Figure 6¢) compared to
both th igmed CNT sheets and the CNT-PMPI composites obtained in the reaction-limited and
transport—lhitea regimes. The same trend is observed for specific modulus and specific strength

(Figure S4). S;eci;ally, uniformly-filled CNT-PMPI composites exhibit an elastic modulus of 31 GPa

(22 N Tex™ tensile strength of 776 MPa (0.56 N Tex"); these values are 2.0- and 2.3-fold

This article is protected by copyright. All rights reserved.

20



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

WILEY-VCH

greater, respectively, than the values for neat aligned CNT sheets. On the other hand, for both

chloroform and cyclohexanone, CNT-PMPI composites obtained in the reaction-limited and

transport—lki regime show values of elastic modulus and tensile strength of 24 GPa and 600
MPa.
H I

While the @bove results show significant increases in both the absolute, and density-normalized

tensile pro@€rtiesthe modulus and strength of both the CNT networks and the composites are far

CE

below expectatijans for highly-ordered, dense CNT materials.”! We attribute this difference to the
presence mn the starting CNT sheets, as confirmed by X-ray computed tomography (CT)

(Figure 6d-g). Thes voids result from the manufacturing technique used to form the CNT sheets. In

[22]

the floatinﬂ CVD method, the CNTs form an aerogel-like “sock” which collapses prior to

mechanica n from the furnace; this resulting CNT sheet is then aligned by wet-stretching

to form thmmns used as a starting material in this work. As the sock forms, it typically has a

highly eb of CNTs on the outer surface, and a low-density, low-entanglement core

where the cargiesBas mainly flows.?” The invariance of the modulus and strength with [M], in the
reaction-limited and transport-limited regime suggests that the flaws resulting from the CNT sheet

morpholoa cause preferential failure via internal stress concentration within the composite.
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Figure 6. Mechanical properties of CNT-PMPI composite sheets. (a) Typical Stress-Strain curves for
the bare QNT structure as well as the CNT-polymer composites. Inset: Dog-bone sample used for
tensile tehh Evolution of the (b) elastic modulus and (c) tensile strength with the monomer
concentratj

d markers correspond to the reaction-limited regime, star-shaped markers to the
uniformly-
represent the standard deviation of values obtained from analysis of between five and seven
samplesﬂymerization condition. (d-g) X-ray tomography reconstruction and representative
slice of CNT sheet, and (f,g) a CNT-polymer composite obtained by ISIP for [M], = 0.15
none. The areas colored in blue in the reconstruction correspond to large voids

ggime, and empty markers to the transport-limited regime. The error bars

s
-

<

mol L
(>5 um)
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Therefore, we may rely on local observations of fracture mechanics as a more useful guide to the
role of polymer formed by ISIP on reinforcing the CNT network (Figure 7). SEM fractography provides
visual CH of which IP parameters result in the reaction-limited, uniformly-filled, and
transport-I imes (Figure 7a). At low monomer concentration ([M], < 0.125 mol L for
cycIohex-ar}q!maan [M], < 0.075 mol L™ for chloroform), the fracture surface of the composite
reveals beads of,PMPI adhered to CNTs (Figure 7b,c). At high monomer concentrations ([M], >
0.175 mol yclohexanone, and[M], = 0.095 mol L™ for chloroform), the transport-limited
regime remmamination at the interface between the polymer-rich outer region and the

polymer—d;wner region (Figure 7d,e). In the uniformly-filled regime, fracture profiles show
t

crack prop hroughout the polymer-filled region and reveal CNTs surrounded with polymer

sheathingsgf various sizes (Figure 7f-h). The smooth cylindrical shape of the PMPI sheathing

suggests thUItS in a strong chemical interaction between PMPI and the CNTs (Figure 7h). To

the best of Our wledge, such polymer sheathing fracture morphology has only been observed in

) [38] [39]

the case o vinyl alcohol and polycarbonate™ in CNT composites obtained by polymer

solutio . Notably, the uniformly-filled regime could only be resolved experimentally
when cyclohexanone was used as the organic solvent. Indeed, we observe that incrementing d[M],,
of 0.025 mhchloroform results in a jump from the reaction-limited to the transport-limited
regime, w @ clohexanone the same increment corresponds to a transition from reaction-

limited to rmly-filled regime. This suggests that the range of concentrations d[M], ., at

which uniform polymer distribution can be obtained in chloroform is < 0.025 mol L, while it is <

0.05 mol L'l'jase of cyclohexanone.
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Reaction-limited Uniformly-filled Transport-limited
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CNT-PMPI @ A A A
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Figure 7.mmy and nanoscale morphology. (a) Evolution of the morphology of the

compositesgwi nomer concentration and solvent type, showing three main regimes depending

on the step, from a reaction-limited regime at low monomer concentration to a

transport- regime at high monomer concentration. Filled markers correspond to the reaction-
limited regi r-shaped markers to the uniformly-filled regime, and empty markers to the
transp

corresponding to data points (i), (ii), and (iii) as indicated in (a).

gime. (b-h) Corresponding fracture profiles for composites in each regime
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3. Discussion

ISIP enabla the cr'ation of CNT-polymer composites with tailored polymer morphology and loading.
The rapidmtion reaction could be scaled to a continuous process, as has been
demonstra ase of thin film composite (TFC) membranes for desalination technologies,
I I
wherein t olymer films are produced at liquid-liquid interfaces."®*” Additionally, the process is
viable for f@ny st@p-growth reactions and can be adapted to various polymer types such as
polyesters, ureas,? or polyimides,® opening new range of accessible properties and
potential ﬁns. The easily CNT-aramid composites described here feature improved
mechanica@ies and high thermal stability, making them suitable candidates for applications

such as eletxetic shielding.

Nevertheless: !h: Epid polycondensation reaction rate of ISIP results in a large polydispersity index

comparabl reater than the Flory limit of 2. This high polydispersity makes the process

unsuita produce polymers with high crystallinity. Additionally, the window of processing
param obtain a uniform composite may seem narrow, with only one tested concentration
resulting in such morphology in the current study. However, adjusting other processing parameters
such as pl‘haqueous phase, or the use of a solvent even more miscible in water such as
tetrahydro @ F), could broaden the concentration range d[M]S™ at which the uniformly-filled
morpholog obtained. Additionally, finer control of the morphology and accurate prediction
of the £indows can be achieved through a quantitative understanding of the interplay
betweewmnetics and transport kinetics, as well as how the CNT surface and network

morpholog@nes polymer formation and adhesion.

<C
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Importantly, ISIP features shorter processing times than direct polymer infiltration and, to our
understanding, preserves the morphology of the CNT network. Improvements in the neat CNT sheet
morphowvell as local microscale mechanical characterization would enable deeper
understan CNT-polymer interaction and scaling of the mechanical properties to
structur%ll!_;eevant levels. Finally, ISIP is not limited to CNT networks and could be used to obtain

composites gf palymers and other porous materials such as electrospun nanofiber mats, or foams.
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4. Conclusion

We show Ihat Ig’ within a nanoporous CNT assembly enables the formation of CNT-aramid

compositemnot easily be obtained by polymer solution infiltration or melt processing due

to polyami ility in most organic solvents and high melting point. We demonstrated the
H I

ability of I§IP to form CNT-polymer composites with tunable polymer loading, reaching full and

uniform Io@jer particular conditions guided by chemical kinetics theory. Tensile strength and
elastic modEIuE:f the composites obtained by this method are superior to those of neat CNT

structures be improved by reducing voids already present in the starting CNT material. ISIP

shows potential f5$cale up as it not only could be applied to a wide variety of polymer systems (e.g.

ponamideﬁers, polyimides), but it also features short processing times, and the potential to

be integra lI-to-roll manufacturing process.
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5. Experimental Section

Manufactq’ng a” preparation of CNT sheets: CNT sheets were manufactured by Nanocomp

Technologi sing a floating catalyst CVD process. After synthesis, the CNT sheets are liquid-
saturated d by ~35%, resulting in a final CNT Herman orientation factor of 0.7.1*? The
H I

sheets alsaoghave 5-10wt.% amorphous carbon and 10-20wt.% residual catalyst. Particular attention
was given f0 con ing the absence of carboxylic acid groups at the surface of the CNTs, as such
functionalities Id react with the diamine monomer molecules and result in covalent bonding of

mwith the CNTs. First, elemental analysis (EDS) on neat CNT sheets reveal only a

the polym

residual amount 50xygen (3.9 at.%, Table S2) which is attributed to defects at the surface of the

CNTs from growth process and the presence of residual iron oxide catalyst particles.
Moreover, pectroscopy (Figure S5) reveals CNTs with low defect density (ID/IG ratio of 0.33)
and TGA igure S6) shows no significant mass loss at 300°C, which is the expected
decompg@siti arboxylic groups.* For each ISIP experiment, pieces of the CNT sheet were
mounted on mple carousel and immersed in deionized water for 30 minutes before any

immersion in monomer solutions.

Interfacial L’zation: All chemicals were used as received and did not undergo any additional

purificatioaloyl Chloride (299%) was obtained from TCl America and stored under inert
atmospher ent hydrolysis of the compound. M-phenylene diamine (299%) was purchased
from Mﬁa and was also stored under inert atmosphere. Chloroform (containing 100-200
ppm amyléhes as stabilizer, 299.5%), cyclohexanone (ACS reagent, 299.0%), water (ACS reagent),

and acetone ;ACSiagent, >99.5%) were also obtained from Millipore Sigma. Glassware was always

rinsed qthe solvent that it would contain prior to solution preparation or to the

This article is protected by copyright. All rights reserved.

28



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

WILEY-VCH

polymerization reaction. Monomer solutions were prepared by weighing the monomers and
dissolving them in their respective solvents (diamine in water and acyl chloride in organic solvent) in
a conicMHipped with a magnetic stir bar. The volume of solvent was measured with a
graduated nomer concentration in mol.L™ was the same for both solutions to maintain a
1:1 mol8t rﬁiloeween the diamine and acid chloride. Aqueous solutions were prepared and stored

in amber gk@to prevent damage of the diamine monomer which features UV sensitivity.

For ISIP a custom-made experimental setup (Figure S7) was developed in order to produce CNT-

polymer ¢ s at high throughput. A sample carousel which could hold and rotate six CNT

ribbons at once ws designed to rotate the samples in the sequential solutions, and machined out of

chemically resi materials (Aluminum 6061, 316 Stainless Steel, and Kalrez® rubber) (Figure S7a-
c). The car achment consisted of an aluminum plate with six radial slots and a set screw to
fix each safinp lace with regard to the disk (Figure S7a). Each CNT sample was kept under light

ustom-made clamps, mounted on a shaft and equipped with Kalrez® rubber to

tension o
hold the CNT
rotary shaft fixed with regard to the aluminum disk, and fits in a spinner flask featuring two 45°

blies without damaging it (Figure S7b). The carousel assembly was held by a

necks whim! were used for liquid addition or removal (Figure S7c). The spinner flask was sealed with
a cap equi ith a gasket which prevented solvent evaporation while allowing carousel rotation
inside the s ent solvent baths at a speed of approximately 50 rpm. The experimental setup
described gove was used in a multiple step process to obtain CNT-PMPI composites by ISIP. The
neat CNMS were first immersed in an aqueous solution of m-phenylene diamine (0.075-

0.28 mol.L :E ror 5 minutes to ensure complete wetting of the network. The excess solution was

shaken off the clip and the outer surface of the sample by increasing the speed of the carousel to
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150 rpm for 2 seconds. This allowed the aqueous phase to be retained within the network without
having a film of water on the outside of the sample which could react with the organic phase and
preventMrt of the organic solvent inside the pores of the CNT assembly. The ribbons were
then imm&organic solution of isophthaloyl chloride (1:1 molar ratio with m-phenylene
diamine-co_!ireserve stoichiometry of the reaction) dissolved in chloroform or cyclohexanone. The
reaction wa:lef:o proceed for 5 minutes before the resulting composite was transferred first to a

DI water rinsi th (to wash off the by-product) and second to an acetone rinsing solution (to

wash off t&wted monomers). Finally, the CNT ribbons were removed from the clamps and left

todryin ai:ht.

To obtainﬁ)mposition temperature of pure PMPI, we conducted IP at the liquid-liquid
interface i cal beaker setup, in absence of CNTs.™ In this case, 100 mL of both solutions
were usedmase of chloroform, the chloroform solution was poured into the beaker first due
to its gn ity than water. In the case of cyclohexanone, the aqueous phase was denser and

was at the b of the beaker, while the organic phase rested on top of the water phase. An
aramid film formed at the interface between the two liquids immediately. As PMPI is an aromatic
ponamide!he polymer chains act as rigid rods and do not feature enough entanglement to pull the
film as a us rope from the liquid-liquid interface as it is commonly done for aliphatic
polyamides. this perspective, the beaker was equipped with a custom-made polymer film
collector cgsisting of a 316 stainless steel mesh, supporting a circle of filter paper. Both the mesh

and thew had the same diameter as the beaker to maximize the amount of polymer film

collected by tEls Sethod. The polymer film collector was set to rest at the bottom of the beaker

before the monEfr solutions were poured into the reaction vessel. The mesh featured two handle
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accessible from the top of the beaker allowing to lift the collecting device up and collect the polymer
film formed at the interface between the two liquids. After a reaction time of 5 minutes, the top
phase WM with a custom-made glass siphon and the polymer film was collected onto the
filter pape p the polymer film collector. The polymer was scraped off the filter paper,

rinsed tv‘vicﬂi in both water and acetone, and isolated by filtration.

Scanning EfectronWlicroscopy and Energy Dispersive X-Ray Spectroscopy: SEM images were obtained

G

with a Zeiss in High-Resolution Scanning Electron Microscope (SEM) using the High Resolution

S

mode, the nsggdetector, an acceleration voltage of 3kV, and a probe current of 100 pA. To obtain

qualitative infornfation about the elemental distribution throughout the thickness of the

Gl

composites -Dispersive X-ray Spectroscopy (EDS) was conducted using an EDS detector and

1

the softwa A line profile across the thickness of the samples, a working distance of 10 mm, a

linewidth af 1 n integration time of 100 ms and 16 frames were used to allow for the detection

d

of low- ber elements. In the case of EDS measurements, the acceleration voltage was

increased to and the probe current to 500 pA. Considering the challenges associated with
measuring small atomic number elements by EDS, we compared the average nitrogen content to the
nitrogen ago calculated from TGA measurements of the polymer content. In all cases, the average

at.% nitr00ured by EDS was within the error bars of the expected value obtained from

thermal ana onfirming that the signal actually emerged from PMPI (Figure 3b, c).

Transm£>n microscopy and associated sample preparation: Thin lamellae for TEM images
were prepdred by two methods. A first set of lamellae was prepared by Cryo-FIB on a Zeiss
Crossbeam 540 S;-ming Electron Microscope, to prevent damaging the polymer or CNTs by the ion

beam. H-s mellae were obtained by milling normally to the composite cross sections (parallel
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to the CNT alignment direction). Microtome sectioning was also used to prepare 60-nm thick TEM
lamellae by cutting normal to the CNT alignment direction. Prior to microtoming, small sections (~1.5
mm) of#‘l’—PMPI composites were embedded in EMbed 812 according to a multi-step
procedure, ecimens were placed in a vial and immersed in 200 proof EM grade ethanol
overnigH,T by soaking in a 50:50 mixture of ethanol and embedding resin for two days. In
both of thosg stages, the vial was kept in a tube rotator to ensure agitation of the liquid medium.
Second, th samples were laid out in a flat silicone embedding mold, covered by a thin layer
of resin, dhdf€ur@d at 60°C for one day. After curing, the samples were flipped over in the
embeddin nd a layer of fresh resin was poured on top, followed by curing in the same
conditions. o-step embedding process ensures centering of the CNT composite within the

resin. Micrgoming was performed with a histology diamond knife at room temperature on a Leica

TEM.

Ultracut Umwas performed on both a high resolution JEOL 2100F TEM and a Hitachi 7800

Thermogravi analysis: Thermogravimetric analysis (TGA) was performed on a TA instrument
Discovery TGA. The sample was cut in small pieces and a mass of approximately 1 mg was put into a
Platinum I-! pan. The temperature was ramped up from 40°C to 900°C at a heating rate of 10°C min
in Nitrog GA data was then analyzed using TA instrument software TRIOS to find the onset
temperatur polymer content. For the different monomer concentrations and solvents, we

calculated SEe polymer content and onset temperature in accordance with ASTM® E2550 — 17

standarMples synthesized in the same conditions were tested by TGA to obtain the

standard dewahoSan the onset temperature and polymer content.

<C
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Uniaxial tensile testing: The CNT ribbons were cut with a stainless steel scalpel into dog-bone
specimens following ISO- 37 standard (Type 4 geometry) prior to being tested. The cut was
performh acrylic mask which featured a path where the scalpel could be inserted to cut
the CNT ri d between the acrylic mask and a cutting mat. Uniaxial tensile testing was
perform‘edﬁgasrain rate of 3mm min™ on an Instron 8848 MicroTester equipped with a 50 N load
cell. Five to_sevan samples synthesized in the same conditions were mechanically tested to obtain

values of e dulus and tensile strength as well as the standard deviation.

X-ray tommx-ray tomography was performed on a Zeiss Versa 520 machine, adjusting the

source and detect@r distances to obtain a voxel size of 2 um. The sample was clamped with the long

axis of thetinting in the vertical direction. Rotation axis corresponded to the long axis of the

ribbon (ali irection of the CNTs). Data acquisition was controlled with the software Scout-

and—Scan"“Wstem. A 3D image was generated from the individual slices using the software

Dragon§
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Supporting@tion is available from the Wiley Online Library or from the author.
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