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Effect of Hþ and Nþ Irradiation on Structure and
Permeability of the Polyimide Matrimid1

Ling Hu, Xinglong Xu, and Maria R. Coleman
Department of Chemical & Environmental Engineering,

University of Toledo, OH, USA

Abstract: This paper presents a comparison of the impact of Hþ and Nþ ion irra-
diation on the chemical structure, microstructure, and gas permeation properites
of the polyimide, Matrimid1. While irradiation with both ions resulted in evolu-
tion of chemical structure with loss of functional groups and crosslink formation,
there was greater modification of polyimide structure following Nþ irradiation at
similar total deposited energy. Irradiation with Nþ resulted in simultaneous large
increases in permeance and permselectivity at comparatively low ion fluences or
irradiation time. For example, irradiation at 4� 1014 Nþ=cm2 resulted in a 2.5
fold increase in He permeance with a selectivity of He=CH4 of 340. Much higher
Hþ fluences were required to achieve similar total deposited energy and combined
increases in permeance and permselectivity. The larger modification in chemical
structure and gas permeation properties following Nþ irradiation was attributed
to the relatively large energy loss and damage from the nuclear energy relative to
electronic energy loss.

Keywords: Crosslinking, ion beam irradiation, gas separation membrane,
hydrogen, permeability, polyimide

INTRODUCTION

Membrane based gas separation systems have found increasing
commercial application because of there flexible design, lower energy
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expenditure, and ease of operation in comparison with conventional
methods (1–7). Numerous studies have reported development of poly-
meric membrane materials that have attractive gas separation properties
(i.e., high gas permeability and high permselectivity) combined with ther-
mal and mechanical stability (1–3). These studies mainly focus on

(i) synthesis of polymers designed using structure-property relationship
(1–7), and

(ii) development of alternative membrane materials and=or modification
of existing polymeric membranes using diverse post-synthesis techni-
ques (8–26).

Targeted polymer synthesis based on developing materials with
combined high free volume and chain rigidity has led to classes of poly-
mers with attractive transport properties (1–7). However, synthesis of
new materials is costly and it is increasingly difficult to synthesize pro-
cessible polymers with significantly improved gas transport properties.
Post-synthesis methods that modify the structure and microstructure of
existing polymeric membranes to optimize the gas transport properties
are attractive alternatives to new polymer synthesis. These methods
include thermal treatment (4–7), fluorination (8–10), plasma treatment
(11–15), and ion beam irradiation (15–25). Ion beam irradiation allows
selective modification of the chemical structure, microstructure and prop-
erties of polymers. In addition, the thin surface selective layer of asym-
metric membranes can be modified without affecting the porous
support through careful selection of irradiation conditions (25). With
careful selection of irradiation conditions, on beam irradiation has the
potential to modify both permeability and permselectivity of industrial
interesting gas pairs.

Two earlier papers by our group focused on a detailed study of the
impact of Hþ irradiation on chemical structure and pure gas permeation
properties of the polyimide, Matrimid1 (16,17). Matrimid1 has superior
gas transport properties to many commercial polymers for industrially
important gas pairs (H2=CH4, O2=N2, and CO2=CH4,) and has well char-
acterized physical and transport properties (3). Therefore, Matrimid1

was an ideal system for studying the impact of ion irradiation on gas
transport properties. Hþ irradiation resulted in degradation of the poly-
mer backbone structure with loss of functional groups and formation of
crosslinks at higher fluences, as well as increases in permeance of small
gas molecules with smalls increases in permselectivity. While the irradia-
tion results for permeation properties were promising, the extent of mod-
ification by Hþ irradiation was limited by range of fluence that were
possible in a reasonable time frame and lower relative damage from small
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atom. This paper presents a comparison of the impact of Hþ and Nþ

irradiation at similar total deposited energies on the structural evolution
and gas permeation properties of the polyimide, Matrimid1. Nþ has the
potential for greater damage to polymer backbone structure for similar
irradiation conditions.

BACKGROUND

The impact of ion beam irradiation on the structure and properties of poly-
mers is a strong function of the ion type, ion energy and the fluence, and the
structure of the base polymer (26–38). During irradiation, energetic ions
undergo a series of collisions with atoms and electrons in the near surface
region of the sample where the incident ion loses energy through inter-
actions with the polymer. Energy transfer from incident ions to a polymer
can result in a number of chemical reactions within the polymer through
including degradation of chemical bonds with formation of free radicals,
release of small volatile molecules, and crosslink formation between
polymer chains. The evolution in chemical structure will result in a corre-
sponding modification in the polymer microstructure through a combina-
tion of formation of crosslinks and small molecular size defects resulting
from release of small molecules. This would result in a shift in the overall
polymer fractional free volume, free volume distribution as well as chain
mobility, thus modifying gas transport properties of the polymeric mem-
brane (17–23). For example, positron annihilation spectroscopy of Nþ irra-
diated polyimide indicated that there was both an increase in free volume
and the generation of a new population of defects (i.e. free volume packets)
that correlated well with modification in gas permeation properties (21).

There are two energy loss or transfer mechanisms from incident ions
to polymers in the energy range used in this study:

(i) Electronic energy or inelastic energy loss involves electronic excitation
and ionization of target atoms and exchange of electrons between inci-
dent ion and polymer. Electronic collision involves much smaller
energy loss per collision, negligible deflection of the ion trajectory,
and negligible lattice disorder (26).

(ii) Nuclear energy or elastic energy loss primarily involves atomic colli-
sion between ion and atoms in the polymer. Nuclear collisions involve
a considerable discrete energy loss and angular deflection of the
trajectory of the ion, which is responsible for direct bond breaking
and production of lattice disorder by the displacement of atoms. Each
of these mechanisms contributes quite differently to modification of
chemical structure, and microstructure of polymers (35).
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While both electronic and nuclear energy loss mechanisms are
important in determining the final structure and properties of irradiated
polymers, nuclear energy loss tends to result in greater damage to the
polymer structure in irradiated layer and evolution in properties at simi-
lar total deposited energy relative to electron energy loss (26,29–37). Irra-
diating ions with higher atomic number exhibit larger relative nuclear
contribution and generally result in greater evolution in properties at
similar total deposited energy.

The relative contributions to the total energy deposition from the
nuclear and electronic loss mechanisms can be determined using a well
establish Monte Carlo simulation method (SRIM code) (39). An exam-
ple of depth profiles of the energy loss mechanisms for 450 keV Hþ and
3400 keV Nþ ions in the polyimide, Matrimid1, used for this study is
illustrated in Fig. 1. For Hþ irradiation, the electronic energy loss domi-
nated with negligible nuclear energy loss. However, for Nþ irradiation,
there was a measurable nuclear energy loss that is much smaller than the
electronic energy loss over a whole penetration depth. For Hþ ion beam
irradiation the electronic energy, loss is relatively flat over a large portion

Figure 1. Depth profiles of energy loss mechanisms of ions in the Matrimid1 thin
films used for structural evolution studies at 450 keV for Hþ irradiation and
3400 keV for Nþ irradiation. The depth profile was estimated using the SRIM
monte carlo simulation (39).
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of the depth range, whereas for Nþ irradiation the electronic energy loss
decreases with the penetration depth. The mean projected range (Rp) of
ion into the polymer surface increased with ion energy and decreased
with increasing atomic number of the ion. Therefore, irradiation condi-
tions can be readily adjusted to control the depth of modification.

The impact of irradiation on a polymer can be compared in terms of
ion fluence or dosage with units of ions=irradiated surface area or total
deposited energy with units of eV=irradiated volume. The total deposited
energy is the product of the total energy stopping power of ion dE=dx
(i.e. the average deposited energy) and ion fluence (26,39). The total elec-
tronic energy loss and the total nuclear energy loss are defined with
respect to the electronic stopping power of ion (i.e. the average electronic
energy loss) and the nuclear stopping power of ion (i.e. the average nuc-
lear energy loss) times ion fluence. For each irradiated sample, the aver-
age nuclear energy loss, the average electronic energy loss and the average
deposited energy were estimated by applying Equation (1) to SRIM
energy deposition profiles for Nþ and Hþ irradiation of Matrimid1:

dE

dx

� �
i

¼
R l

0ðdE=dxÞi;xdx

l
ð1Þ

where (dE=dx)i is the average electronic (or nuclear) energy loss or the
average deposited energy, (dE=dx)i,x is the electronic (or nuclear) energy
loss or the deposited energy at depth of x calculated using SRIM code, x
penetrating depth of ion, and l the thickness of the sample. The total
deposited energy increases with ion energy and the atomic number of
the ion so that lower ion doses or fluences are required to achieve similar
total deposited energies within the irradiated region (26,39). The ion
fluences used for Hþ and Nþ irradiation in this study were designed so
that the total deposited energies for both cases would fall in the same
range. Much lower fluences were required for Nþ irradiation to reach
similar total deposited energies, which can significantly reduce the req-
uired irradiation time. According to Equation 1 and the depth profiles
shown in Fig. 1, the nuclear energy loss for Nþ and Hþ used for this
study were approximately 2–7% and 0.1%, respectively, of the total
deposited energy.

Although the electronic energy transfer increased proportionally with
the total deposited energy for both ions, there was no significant devia-
tion in the total electronic energy loss between Nþ and Hþ over this
range. There was an increase in relative contribution to total deposited
energy from the nuclear energy loss for Nþ irradiation with a much
smaller increase for Hþ irradiation. Therefore, increasing the total
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deposited energy through increasing ion fluence tended to result in larger
differences in the total nuclear energy loss between Nþ and Hþ irradia-
tion. At lower fluences Nþ and Hþ irradiation where electronic energy
loss mechanism dominates for both ions were expected to have similar
effect structure of the Matrimid1. However, as fluences (and total depos-
ited energy) were increased the nuclear energy loss was more important in
determining the polymer modification for the larger irradiating ion. Since
there is greater modification to polymer structure and microstructure
following irradiation with ions that exhibit greater nuclear energy loss,
Nþ irradiation will tend to result in greater evolution in structure and
properties of the Matrimid1 than Hþ irradiation (26,29–37).

EXPERIMENTAL

Materials and Membrane Formation

Matrimid1 was purchased in powder form from Ciba Specialty Chemi-
cals Company (New Jersey) and methylene chloride (CH2Cl2) from
Fisher Scientific. All of the chemicals were reagent grade and used with-
out further purification. Free-standing thin films produced using a
method described in detail elsewhere were used for FTIR and dissolution
studies (16). For this method, a solution of 5� 7 wt% Matrimid1 in
methylene chloride was poured on a 4’’ polished silicon wafer on a spin
coater (P-6000 Spin Coater from Specialty Coating System, Inc.) and
spun at 400� 700 rpm for about 6 minutes. The film was masked with
aluminum foil, removed from the wafer, and dried in a vacuum oven
at 80�C to remove residual solvent. All film thicknesses measured using
a digital micrometer were approximately 6.5 mm for Hþ irradiation and
3.8 mm for Nþ irradiation.

Permeances of the virgin and irradiated membranes were determined
using composite membranes that consisted of a very thin Matrimid1

selective layer on a porous ceramic membrane (17). Whatman1 anodisc
membranes with pores of 0.02 mm pore diameter provided an inert
mechanical support to isolate the impact of ion beam irradiation on
Matrimid1 bulk transport properties. A solution of 3–6 wt% Matrimid1

in methylene chloride was prepared and cast on an anodisc membrane
using a spin-coating method (17). The O2=N2 ideal selectivity of each
virgin Matrimid1-ceramic composite membrane was greater than 75%
of the reported bulk material value (aO2=N2

¼ 6.11 (3) and aO2=N2
¼ 6.8

(38)). The polymer selective layer of the unmodified composite mem-
branes was relatively defect-free. Based on the O2 permeability of the bulk
material and O2 permeances of the virgin membranes, the approximate
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average thickness of selective layers of the membranes used for Hþ and
Nþ irradiation was between 0.3 and 1.3 mm.

Ion Beam Irradiation

Ion beam irradiation was performed at room temperature within a
vacuum chamber at a pressure less than 1.9� 10�7 torr of a Tandem
Accelerator at the University of Western Ontario, London, Ontario,
Canada. To avoid overheating of the sample, low beam-current density
(<1 mA=cm2) was used with the incident beam perpendicular to the sur-
face of the samples. As discussed earlier and outlined in detail elsewhere,
the required incident energy of irradiation was determined using a well-
known program titled ‘‘The Stopping and Range of Ion in Matter’’
(SRIM) to ensure that the whole thickness of the film was modified
(39). For FTIR analysis, 450 keV Hþ and 3400 keV Nþ ions were chosen
based on the measured thickness of the Matrimid1 free-standing films
used. For gas permeation study, 180 kev Hþ and 400 keV Nþ ions were
chosen based on the estimated selective layer thickness of the Matri-
mid-ceramic composite membranes. The calculated percentage of the
nuclear energy loss in the total deposited energy for 3400 keV Nþ and
450 keV Hþ irradiation of FTIR samples were approximate 2% and
0.1%, respectively. The calculated percentage of the nuclear energy loss
of the total deposited energy for the composite membrane 400 keV Nþ

and 180 keV Hþ irradiation of permeation samples were approximately
5–7% and 0.1%, respectively. The fluence ranges used for this study
(7� 1012 to 3� 1015 Hþ=cm2 and 6� 1011 to 1.5� 1015 Nþ=cm2) were
selected to allow irradiation over similar total deposited energies for both
ions. Note that much lower fluences are required to achieve similar total
deposited energy for Nþ irradiation. A summary of the calculated pro-
jected ranges and irradiation conditions is given in Table 1.

Table 1. Calculated projected ranges of Hþ and Nþ ions at different energies cal-
culated using SRIM to allow modification of entire membrane thickness

Sample type (thickness) Ion energy=Type Projected range Rp (mm)

Structural evolution (6.5 mm) 450 keV Hþ 7.0
Structural evolution (3.8 mm) 3400 keV Nþ 4.5
Composite membrane (0.3–1.3 mm) 180 keV Hþ 2.4
Composite membrane (0.6–0.9 mm) 400 keV Nþ 1.2
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Characterization of Structural Evolution

Fourier Transform Infrared Spectroscopy (FTIR) was used to study the
evolution of Matrimid1 structure following ion beam irradiation. All
measurements were performed using a Nicolet FT-IR 5DV spectrometer
at the Instrumention Center of the University of Toledo. The same ana-
lysis conditions were used before and after ion beam irradiation for each
sample to monitor any change of the spectrum induced by irradiation.
A detailed analysis of the relative peak area for functional groups was
used to monitor the impact of irradiation conditions on evolution of
polymer properties (16).

The dense films used for FTIR study were used for dissolution
studies in methylene chloride to probe the onset of irradiation-induced
crosslinking. A small piece of each sample was immersed in an excess
volume of methylene chloride in a small sealed tube at room temperature.
Methylene chloride is a commonly used solvent for polyimides and easily
dissolves Matrimid1 within minutes. The tubes were stored at room tem-
perature for several hours and in a refrigerator at 4� 6�C to minimize
evaporation losses of solvent and observed after one month. Any dissolu-
tion of irradiated samples occurred within a few hours at room tempera-
ture so no change was observed during storage.

Gas Permeation Measurements

The pure gas permeances were measured in following order for the virgin
and the irradiated membranes of He, O2, N2, CO2, and CH4 in a standard
constant volume variable pressure permeation cell at 35�C with pressur-
ized upstream and evacuated downstream (17). The standard method
used for characterizing polymer membranes was modified to prevent
stress on the ceramic porous support. For these experiments, the
upstream side of the membrane was purged at low pressure with the feed
gas instead of evacuating prior to a run. After purging the feed for several
minutes, the downstream was slowly evacuated, the upstream purge was
closed and the feed pressure increased to 55 psig overnight prior to per-
meation measurements. The permeance is the pressure normalized flux of
a gas through a membrane and is a function of the membrane permeabil-
ity and thickness of selective layer. The selective layer thickness was esti-
mated using the reported O2 permeability of the bulk material and O2

permeance of the virgin membrane (3). Relative permeances and perms-
electivities will be used to compare the impact of ion type, total deposited
energy, and ion fluence on transport properties of the different membra-
nes to eliminate the effects of film thickness on the resulting properties.
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The relative permeance is the ratio of the permeance of the membrane
following irradiation to the permeance of virgin membrane.

RESULTS AND DISCUSSION

Evolution in Matrimid1 Backbone Structure

The evolution in chemical structure of the Matrimid1 following ion
beam irradiation was was monitored using both FTIR analysis and dis-
solution studies (16). Partial dissolution or insolubility in methylene
chloride provided a qualitative measure of onset of crosslinking following
ion irradiation. The dissolution results in terms of ion fluence and total
deposited energy for both the 450 keV Hþ and 3400 keV Nþ irradiated
Matrimid1 films are summarized in Table 2. While irradiation with both
ions eventually resulted in crosslinking, much lower ion fluences and total
deposited energies were required for onset of crosslinking following Nþ

irradiation than Hþ. For example, Nþ irradiated Matrimid1 films were
partially soluble at 5.8� 1011 Nþ=cm2 and totally insoluble at 4.2�
1012 Nþ=cm2. A much higher fluence and total deposited energy was
required to induce crosslinking following Hþ irradiation. Crosslinking stu-
dies suggested that Nþ irradiation induced much larger modification to
chemical structure of the polyimide Matrimid1 than did Hþ irradiation.

Table 2. Impact of ion fluence on dissolution of the irradiated Matrimid1 films
in excess methylene chloride at room temperature

Ion fluence (Ion=cm2) or
Total deposited energy (eV=cm3)

Dissolution results
450 keV Hþ

ion irradiation
3400 keV Nþ

ion irradiation

Completely
dissolved

7� 1012 to 1� 1013 Hþ=cm2 None
4.8� 1018 to 6.8� 1018 eV=cm3

Partially
dissolved

5� 1013 to 3� 1014 Hþ=cm2 5.8� 1011 to
8.3� 1011 Nþ=cm2

3.4� 1019 to 2.1� 1020 eV=cm3 5.1� 1018 to
7.2� 1018 eV=cm3

No noticeable
dissolution

6�1014 to 3� 1015 4.2� 1012 to
8.3� 1013 Nþ=cm2

4.0� 1020 to 2.1� 1021 eV=cm3 3.6� 1019 to
7.2� 1020 eV=cm3
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A spectrum of the virgin Matrimid1 and samples of spectrum fol-
lowing irradiation in the range of 400 to 4000 cm�1 are shown in Fig. 2
(a) and (b). The FTIR spectra of all the virgin films were consistent with
the Matrimid1 spectra reported in the literature (16). Four bands, loca-
ted at 1778, 1725, 1374, and 1096 cm�1, respectively, are characteristic of

Figure 2. FTIR spectra for Matrimid1 films irradiated with both 450 keV Hþ ion
(a) and 3400 keV Nþ ion (b) at different ion fluences.
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the imide groups of Matrimid1. The infrared band assignments and
structure of the Matrimid1 are listed in Table 3 to facilitate reading of
the FTIR spectrum. There was a general trend of loss of peaks for several
functional groups along the backbone with increasing ion fluence for
both irradiating ions indicate degradation of the backbone structure.

The normalized areas of three functional bands of the Matrimid1

(i.e. the aliphatic stretching mode, the imide I C¼O stretching mode
and the aromatic stretching mode of the para-disubstituted phenyl) are
plotted as a function of ion fluence in Fig. 3 (a) and total deposited
energy in Fig. 3 (b). The normalized area is the ratio of the area of the
band of the Matrimid1 following ion beam irradiation (A) to the area
of the band of the virgin Matrimid1 (A0). The structural evolution of
the Matrimid1 following Hþ irradiation was discussed in detail elsewhere
so only a brief review is included (16). Specifically, the aliphatic methyl
(CH3) bond and the benzophenone C¼O were more sensitive to Hþ

irradiation than groups along the backbone including the imide groups
and the para-disubstituted aromatic ring. At low ion fluences (below
5� 1013 Hþ=cm2), the films were completely soluble and Hþ irradiation
resulted in no noticeable crosslinking. For 5� 1013 Hþ=cm2, there was
partial crosslinking, which was attributed to degradation of the aliphatic

Table 3. Structure and characteristic absorbance bands for the polymer
Matrimid1 in the range of 400–4600 cm�1

Number n (cm�1) Band assignment

1a 2960–2860 CH stretching of methyl
1b 3062 Aromatic CH stretching
2a 1778 Symmetric C¼O stretching (imideI)
2b 1725 Asymmetric C¼O stretching (imideI)
3 1676 C¼O stretching of benzophenone carbonyl
4&40 1512&1488 C¼C stretching of para-disubstituted aromatic ring
5 1374 CNC axial stretching (imideII)
6 1096 CNC transverse stretching (imideIII)
7 3450–3500 OH stretching

4040 L. Hu et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 3. (a) Normalized areas of the characteristic absorption bands attributed
to the aliphatic stretch group (&,&), the imide I C¼O (4,~), and the para-
disubstituted aromatic ring (�,.) versus ion fluence for Matrimid1 irradiated
with 450 keV Hþ ion represented by closed symbols or 3400 keV Nþ ions repre-
sented by open symbols. (b) Normalized areas of the characteristic absorption
bands attributed to the aliphatic stretch group (&,&), the imide I C¼O
(4,~), and the para-disubstituted aromatic ring (�,.) versus the total deposited
energy for Matrimid1 irradiated with 450 keV Hþ ion represented by closed sym-
bols or 3400 keV Nþ ions represented by open symbols.
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CH3 group. At increasing ion fluence, the degradation of the benzophe-
none C¼O provided the partial reactive sites for the irradiation-induced
crosslinking. For higher ion fluences (6� 1014 Hþ=cm2 and beyond),
both degradation of the para-disubstituted aromatic ring and rapid
degradation of CH3, benzophenone C¼O, and the imide groups were
observed. This degradation contributed to the high level of crosslinking
of the irradiated Matrimid1.

While similar trends in degradation of backbone structure were
observed for Nþ irradiation, the loss of functional groups was greater
than for Hþ irradiation over much of the range of ion fluences used. Note
that the ion fluences required to achieve similar total deposited energies
were much lower for the Nþ irradiation. Irradiation at 5.9� 1011 to
8.5� 1011 Nþ=cm2 resulted in larger decay for the aliphatic stretch than
the imide carbonyl and no change in aromatic ring stretch in this region.
Since Nþ irradiation also resulted in partial crosslinking over this fluence
range, degradation of both the aliphatic functional group and the imide
C¼O may contribute to the crosslinking. Since the benzophenone carbo-
nyl C¼O is more active and more sensitive to ion beam irradiation than
the imide C¼O, degradation of this group may also contribute to partial
crosslinking (16).

As the Nþ fluence was increased from 4.2� 1012 to 1.7�
1013 Nþ=cm2, there was considerable degradation of the aliphatic group
and the aromatic ring was increasingly susceptible to Nþ irradiation.
Similar rapid degradation of structure were observed by Xu et.al. follow-
ing the irradiation of polyimides with large ions (27). At higher ion flu-
ences, the aromatic ring exhibited a sharp decay and the aliphatic
stretch group had slowest degradation under Nþ irradiation. The reduced
rate of degradation of the aliphatic stretch group may be due to residual
formation of alphatic groups with degradation of other functional groups
on polymer backbone. For example, degradation of the aromatic
ring stretch due to the opening of the aromatic ring would involve the
formation of new CH groups that would balance loss in functional
groups from the backbone (28).

The general trend of the normalized areas of the three functional
groups of the Matrimid1 as a function of the total deposited energy
for Nþ and Hþ irradiations are illustrated in Fig. 4(b). While ion fluence
provides a convenient parameter to define irradiation conditions, the
total deposited energy which accounts for the effect of ion mass and irra-
diation energy provides a better basis for comparison of the impact of
irradiation on the polymer with different ion types. For the same total
deposited energy, Nþ irradiation resulted in much larger degradation
of the three functional groups than did Hþ irradiation. As the total
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Figure 4. (a) Effect of the total deposited energy on the normalized permeances
for He (&), CO2 (.), O2 (&) and CH4 (�) in the Matrimid1 -ceramic composite
membranes irradiated by 180 keV Hþ ions (16). (b) Effect of the total deposited
energy on the normalized permeances for He (&), CO2 (.), O2 (&) and
CH4 (�) in the Matrimid1 -ceramic composite membranes irradiated by
400 keV Nþ ion.
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deposited energy increased, the difference in the normalized area between
Nþ and Hþ irradiation was larger. Over the entire range of total depos-
ited energy used, the electronic energy loss for the Hþ and Nþ irradiation
were very similar but Nþ exhibited greater percent nuclear energy loss.
These results suggest that the nuclear energy loss contributed through
collision between incident and target molecules contributed to the larger
extent of degradation of Matrimid1 resulted for Nþ irradiation despite a
fairly small percentage of 2% in the total deposited energy. For irradia-
tion at very low total deposited energy where the relative contribution
nuclear energy loss is much smaller, the Nþ irradiated samples exhibited
similar behavior to those observed for Hþ irradiation. These results are
consistent with earlier studies that indicate that the ions with larger con-
tribution from the nuclear loss mechanism will typically result in greater
damage to polymer structure (29,30).

Evolution in Gas Permeation Properties

The large modification in chemical structure following Nþ irradiation is
expected to result in significant evolution in the microstructure with cor-
responding modification of gas transport properties. Permeation of gas
through a polymer membrane is a solution-diffusion process in which
the gas molecules dissolve into the polymer on the high pressure side, dif-
fuses across the polymer, and desorbs on the low pressure side (2). The
permeability PA is the product of a thermodynamic parameter SA (i.e.
the solubility coefficient) and a kinetic parameter DA (i.e. the diffusion
coefficient). The solubility coefficient is controlled by

(i) the overall fractional free volume and the distribution of the fractional
free volume,

(ii) the inherent condensability of gas, and
(iii) interaction between polymer and gas (1).

Diffusive jumps of a penetrant within the polymer matrix occur when
thermally activated motions of the polymer chain segments generate tran-
sient gaps between the polymer chains, which are larger than the sieving
diameter of the penetrant. Chain packing, chain segmental mobility, and
the size and shape of the penetrant determine the size and distribution of
transient gaps required for diffusion to occur. Structural modifications of
a polymer that inhibit chain packing or increase chain mobility to shift
the distribution of transient gaps in the polymer matrix to larger sizes
will increase the penetrant diffusivity (1). If these modifications also nar-
row, the distribution of transient gaps to retard the diffusion of one pene-
trant with respective to another, the diffusivity selectivity will increase.
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Modification of formation of transient gaps required for diffusion can be
achieved through synthesis of novel polymers or by postformation meth-
ods which change free volume or chain mobility. Simultaneously inhibit-
ing intrasegmental motions and intrasegmental chain packing can
increase both diffusivity and diffusivity selectivity (1).

Ion irradiation resulted in a loss of functional groups with some
evolution of gas molecules following degradation of pendant groups that
could result in the formation of small packing defects that would shift the
free volume distribution to larger sizes. In addition, irradiation induced
crosslinking would lead to a reduction in chain mobility effectively nar-
rowing the distribution of free volume available for penetrant diffusion.
Irradiation induced crosslinking will result in stiffening of the polymer
matrix and degradation of functional groups could lead to formation
of molecular scale defects that would increase free volume. The effect
on the shape and peak location of the free volume distribution would
depend upon the irradiation conditions (ion energy, fluence, and atomic
mass) along with the extent of degradation of polymer.

The permeances and ideal permselectivities for five pure gases (He,
CO2, O2, N2, and CH4) in the Matrimid1-ceramic composite before
and after irradiation are listed in Tables 5 to 7. The normalized gas
permeances of the Matrimid1-ceramic composite membranes induced
by Hþ and Nþ irradiations as a function of total deposited energy are
shown in Figs 4 (a) and (b). The normalized permeance, which is the ratio
of the permeance of the Matrimid1 composite membrane following irra-
diation to that of the virgin membrane, allows a direct comparison of the

Table 4. Pure gas permeances and permselectivities at 35�C in virgin Matrimid-
ceramic composite membranes used for Hþ irradiation (16)

Virgin membrane permeance
(GPU )

Virgin membrane
permselectivity

Sample
ID

Estimated
thicknessa He CO2 O2 N2 CH4

He=
CH4 O2=N2

CO2=
CH4

Hþ�1 0.3 77.0 38.0 7.28 1.37 1.33 29 5.3 29
Hþ�2 0.5 59.7 19.5 4.66 0.90 0.79 25 5.2 25
Hþ�3 1.2 27.2 10.8 1.94 0.38 0.38 29 5.2 29
Hþ�4 1.3 21.8 9.9 1.75 0.30 0.27 37 5.9 37

aunit: mm based on the permeance of O2 of the Matrimid1-ceramic composite
membrane and the permeability of O2 of the bulk material (3).

b1Barrer¼ 10�10 cm3 (STP) cm=cm3 � s � cmHg; feed pressure: 55 psig.
cRatio of pure-gas permeability.
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modification induced by ion beam irradiation at different conditions.
Since the total deposited energy provides a better basis for comparison
of the impact of ion irradiation on the structure and property evolution
of polymers, the permeation results are presented in terms of total depos-
ited energy along with relative contributions from nuclear and electronic
energy loss. A detailed study of the evolution in gas permeation proper-
ties induced by Hþ irradiation was reported in an earlier paper, therefore,

Table 6. Pure gas permeances and permselectivities at 35�C in virgin Matrimid-
ceramic composite membranes used for Nþ irradiation

Virgin membrane permeance
(GPU)

Virgin membrane
selectivity

Sample
ID

Estimated
Thicknessa He CO2 O2 N2 CH4

He=
CH4

O2=
N2

CO2=
CH4

Nþ�1 0.7 32 16.3 3.2 0.54 0.48 67 5.9 34
Nþ�2 0.8 36 13.7 2.8 0.42 0.40 90 6.7 34
Nþ�3 0.7 34 15.7 3.2 0.58 0.47 71 5.5 33
Nþ�4 0.6 40 18.3 3.7 0.57 0.43 93 6.5 4.

aunit: mm based on the permeance of O2 of the Matrimid1-ceramic composite
membrane and the permeability of O2 of the bulk material (3).

b1Barrer¼ 10�10 cm3 (STP) cm=cm3 � s � cmHg; feed pressure: 55 psig.
cRatio of pure-gas permeability.

Table 5. Permeation properties at 35�C of Matrimid1-ceramic composite
membranes following 180 keV Hþ irradiation (16)

Hþ Irradiated membrane
permeance (GPU)

Hþ Irradiated mem-
brane permselectivity

Sample
ID

Ion fluence
(Hþ=cm2) He CO2 O2 N2 CH4

He=
CH4 O2=N2

CO2=
CH4

Hþ�1 6.0� 1014 61.4 19.4 4.4 0.82 0.73 84.1 5.4 26.6
Hþ�2 9.0� 1014 65.2 19.5 4.7 0.93 0.70 93.1 5.1 27.9
Hþ�3 2.0� 1015 37.0 13.6 2.7 0.48 0.35 105.7 5.6 38.9
Hþ�4 2.5� 1015 36.9 14.2 2.9 0.45 0.33 111.8 6.4 43.0

aunit: mm based on the permeance of O2 of the Matrimid1-ceramic composite
membrane and the permeability of O2 of the bulk material (3).

b1Barrer¼ 10�10 cm3 (STP) cm=cm3 � s � cmHg; feed pressure: 55 psig.
cRatio of pure-gas permeability.
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this discussion will focus on impact of Nþ irradiation and a comparison
of the effect of the irradiating ion on permeation properties (17). Note all
samples used for permeation studies were irradiated in the range of total
deposited energies that resulted in crosslinking for free standing films
used for FTIR and dissolution studies.

The general trend in normalized permeances as a function of total
deposited energy following Hþ irradiation is quite different from the
trends observed for Nþ irradiation. As discussed in the previous section,
Hþ irradiation resulted in some degradation of polymer structure at the
irradiation conditions used for this study but the polymer maintained
much of the original backbone structure. By contrast, Nþ irradiated
samples had less than 20% of the original area of FTIR peaks so that
the degradation of polymer structure was much greater. This difference
in degradation would impact the microstructure of the polymer and the
resulting gas transport properties.

In the case of Hþ irradiation, the normalized permeances for four
smaller gases (He, CO2, O2, N2) increased with total deposited energy
with no distinguishable maximum. A similar trend was observed for
CH4 with the exception of a slight decrease in permeance following
low energy irradiation. Nþ irradiation resulted in very different trends
in relative permeance as a function of total deposited energy. Specifically,
the normalized permeance exhibited a maximum at 1.64� 1021 ev=cm3

with a sharp decrease at higher total deposited energies. Therefore, as
shown in Fig. 5, Hþ irradiation led to small increases in permselectivities.

Table 7. Permeation properties at 35�C of Matrimid1-ceramic composite
membranes following 400 keV Nþ irradiation

Nþ Irradiated membrane
permeance (GPU)

Nþ Irradiated
membrane perms-

electivity

Sample
ID

Ion fluence
(Nþ=cm2) He CO2 O2 N2 CH4

He=
CH4

O2=
N2

CO2=
CH4

Hþ�1 6.0� 1014 46 14.3 3.6 0.48 0.31 146 7.5 46.1
Hþ�2 9.0� 1014 88 17.3 4.2 0.61 0.26 340 6.9 66.5
Hþ�3 2.0� 1015 51 6.2 2.2 0.23 0.13 392 9.5 47.7
Hþ�4 2.5� 1015 42 5.3 1.4 0.16 0.12 351 8.8 44.1

aunit: mm based on the permeance of O2 of the Matrimid1-ceramic composite
membrane and the permeability of O2 of the bulk material (3).
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There was a large decrease in CH4 permeability over the entire total
deposited energy range.

Nþ irradiation at lower deposited energies resulted in similar changes
in gas permeation properties of the Matrimid1 to samples modified using
Hþ irradiation. For example, there were 40% and 10% increases in He
and O2 permeabilities, respectively, with decreases in permeabilities for
CO2 by 12%, N2 by 11%, and CH4 by 34%. This resulted in increases
in permselectivities for several gas pairs as shown in Fig. 5. At ion fluence
of 2� 1014 Nþ=cm2 corresponding to the total deposited energy loss of
8.45� 1020 eV=cm3, Nþ irradiation resulted in increases in both He and
O2 permeabilities, small decreases in CO2 and N2 permeabilities but large
decrease in CH4 permeability. Crosslinking would lead to increased stiff-
ness of matrix combined with the evolution of small molecules following
degradation of functional group. This could result in the generation of
molecular scale packing defects which could be reflected in a slight

Figure 5. Impact of ion type and total deposited energy on the normalized
permselectivities for the gas pairs CO2=CH4 (�,.), and He=CH4 (&,&) of the
Matrimid1-ceramic composite membranes where open symbols represent the
400 keV Nþ irradiated samples and closed symbols represent the 180 keV Hþ

irradiated samples.
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increase in free volume. The impact of Nþ irradiation on gas permeation
is consistent with a slight increase fractional free volume and a shift of the
free distribution to smaller size. Similar results were observed for Hþ

irradiation at 9� 1014 Hþ=cm2 or 7.85� 1020 eV=cm3.
There was a maximum increase in permeabilities for He, CO2, O2,

and N2 and a decrease in CH4 permeability following irradiation at ion
fluence of 4� 1014 Nþ=cm2 corresponding to the total deposited energy
of 1.6� 1021 eV=cm3. For example, there was a 2.4 fold in He permeabil-
ity but significant reduction in the CH4 permeability. This simultaneously
contributed to large increases in permselectivities for several gas pairs (i.e.
He=CH4 by 265%, CO2=CH4 by 88%) and little change for O2=N2.

As the ion fluence and total deposited energy were further increased,
only the He exhibited increases in permeability following Nþ irradiation.
The large difference in the Nþ irradiation induced variation in gas per-
meabilities for five gases contributed to the very large increases in perm-
selectivities. When ion fluence was 8� 1014 Nþ=cm2 corresponding to at
a total deposited energy of 3.4� 1021 eV=cm3, Nþ irradiation resulted
in an increase in He permeability, a small decrease in O2 permeability,
and large decreases in the permeabilities for CO2, N2 and CH4. This is
quite different from what was observed for Hþ irradiation at 2.5�
1015 Hþ=cm2 and 2.28� 1021 eV=cm3 (i.e. the permeabilities for all gases
were slightly increased associated with improvement in permselectivities
for most gas pairs).

Irradiation with Nþ at higher total deposited energy resulted in large
decreases in all of the gas permeabilities relative to virgin membranes. In
this range, there was significant degradation of pendant functional
groups of polymer backbone that would provide steric hinderance to
chain packing. This loss of groups could result in a collapse of polymer
structure with a corresponding decrease in the fractional free volume.
Therefore, Nþ irradiation at high ion fluence may result in a significant
decrease of the fractional free volume. This is consistent with the signifi-
cant decrease in permeability for all gases studied relative to virgin
samples with no significant improvement in permselectivity following
irradiation at high total deposited energy. As a result, ion beam
irradiation at very high total deposited energy will not be advantageous
to improve gas permeation properties of the polymer.

The permeation results indicated that the variation in microstructure
induced by Nþ irradiation is different from that induced by Hþ irradia-
tion. The differences in permeances following irradiation can be discussed
in terms of the energy loss mechanisms for these two ions and the impact
on chemical and microstructure evolution. For 400 keV Nþ and 180 keV
Hþ ions used to irradiate the composite Matrimid1 membranes, the per-
centage of the nuclear energy loss in the total deposited energy were cal-
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culated using SRIM analysis at about 6� 8% and 0.1%, respectively. Nþ

irradiation resulted in larger alteration in the gas permeabilities at smaller
total deposited energy than Hþ irradiation. In addition, the shapes of the
relative permeability versus deposited energy curves were different for the
two irradiating ions. For example, Nþ irradiation at the total deposited
energy of 1.6� 1021 eV=cm3, where the percentage of the nuclear energy
loss was about 7%, exhibited a peak increase in permeability for each
of the four small gases with large decrease of 33% in CH4 permeability.
However, Hþ irradiation a similar total deposited energy with a nuclear
energy loss is only 0.1%, result in permeability increases of up to 40% for
the smaller gases and an 8% decrease for CH4. The large difference in
modification in gas transport properties of the Matrimid1-ceramic
composite membranes following Nþ and Hþ irradiations are consistent
with literature report that the nuclear energy loss is critical in determining
the property evolutione (33,39).

Figure 6. Tradeoff curve for He and He=CH4 for virgin (X), Hþ membranes
(�) and Nþ irradiated Matrimid1-composite membranes (.). The solid line
represents the trade off curve for polymeric materials compiled by Robeson
et. al. (2).
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Trade-off Curves for He/CH4 and CO2/CH4

Permeability-permselectivities trade off curves identified by Robeson
et al. provide an useful means to compare the impact of irradiation
conditions on the gas permeation properties of the Matrimid1 (2). The
permeabilities estimated using the product of measured permeance and
an estimated thickness of the selective layer allow comparison of evolu-
tion of bulk polymer properties and eliminate differences due to mem-
brane selective layer thickness. The selective layer thickness was
estimated using the reported O2 permeability of the bulk material and
O2 permeance of the virgin membrane (3). Specifically, the He=CH4

and CO2=CH4 for the bulk and ion irradiated Matrimid1 used in this
study are plotted along with the trade-off curve for typical polymers is
plotted in Figs. 6 and 7. In the case of the He=CH4 gas pair, the bulk
Matrimid1 was well below the trade-off curve and there was a general
shift toward the trade-off curve following ion irradiation. Though there
was an increase in permeability following Hþ irradiation, there was little
change in permselectivity. Nþ irradiation resulted in larger improvements

Figure 7. Tradeoff curve for CO2 and CO2=CH4 for bulk Matrimid1 (x), Hþ

irradiated composite membranes (�) and Nþ irradiated membranes (.). The
solid line represents the trade off curve for polymeric materials compiled by
Robeson (2).
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in the permeation properties relative to the bulk polymer with largest
improvements occurring at intermediate fluences where the sample exhib-
ited behaviors that were beyond the trade-off curve.

The modification of permeation properties for the CO2=CH4 gas pair
relative to the bulk Matrimid1 was complicated by the fact that CO2 is
very condensable and has a high solubility particularly in regions of
excess free volume. Modifications to the polymer backbone which reduce
this excess free volume including reduction in steric hinderance or irradia-
tion induced relaxation could balance out any increases in diffusivity.
This was reflected in the sharp decrease in CO2 permeability with little
change in permselectivity following Nþ irradiation at higher fluences.
While ion beam irradiation provides an attractive means to simultane-
ously increase permeability and permselectivity of thin polymer selective
layer without affecting the porous support, careful selection of irradiation
conditions is necessary to optimize material properties.

CONCLUSION

This paper presented a comparison of the impact of Hþ and Nþ irradia-
tion at similar total deposited energies on the backbone structure
and permeation properties of the polyimide, Matrimid1. Ion irradiation
resulted in a general evolution in structure of the polyimide with loss of
pendant groups and degradation of the Matrimid1 backbone. There was
a trend of increase in permeance and permselectivity at lower fluences for
the Nþ irradiated samples with a maximum in both the permeability and
permselectivities at around 4� 1014 Nþ=cm2. For example, irradiation at
4� 1014 Nþ=cm2 resulted in a 2.5 fold increase in He permeability and 3.5
fold increase in He=CH4 permselectivity. No such maximum in perme-
abilities occurred following Hþ irradiation over the range of fluences
or total deposited energies studied. Irradiation with Hþ ions beyond
the range used for this study was impractical because of the very long
times required for irradiation at higher fluences (>2 hours).

Nþ irradiation resulted in larger change in chemical structure,
microstructure, and gas permeation of Matrimid1 than Hþ irradiation par-
ticularly at higher total deposited energy. Both the electronic energy and
the nuclear energy loss mechanisms control the modification for Nþ irra-
diation but there was a larger contribution to modification from nuclear
energy loss. The electronic energy loss was predominant for Hþ irradiation
and the nuclear energy loss was negligible. These results are consistent with
literature reports where ions of larger mass tend to result in greater damage
from the nuclear energy loss relative to electronic energy loss to the target
polymer. Ion beam irradiation can be used to simultaneously increase the
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permeability and permselectivity within isolated thin selective layer of poly-
meric membranes. However, careful selection of ion type and irradiation
conditions is necessary to optimize gas transport properties.
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