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The sensitivity of near-edge X-ray absorption fine structure (NEXAFS) to differences in key chemical
components of polyurethane polymers is presented. Carbon 1s NEXAFS spectra of polyurethane polymers
made from 4,4methylene dip-phenylene isocyanate (MDI) and toluene diisocyanate (TDI) isocyanate
monomers illustrate that there is an unambiguous spectroscopic fingerprint for distinguishing between MDI-
based and TDI-based polyurethane polymers. NEXAFS spectra of MDI and TDI polyurea and polyurethane
models show that the urea and carbamate (urethane) linkages in these polymers can be distinguished. The
NEXAFS spectroscopy of the polyether component of these polymers is discussed, and the differences between
the spectra of MDI and TDI polyurethanes synthesized with polyether polyols of different molecular
composition and different molecular weight are presented. These polymer spectra reported herein provide
appropriate model spectra to represent the pure components for quantitative microanalysis.

1. Introduction This paper explores the sensitivity of NEXAFS spectra to
) ) _ the chemical structure of polyurethane polymers. The unique
Pglyurethane polymgrs are a \{ersatl]e class of materials with spectral “fingerprints” of polyurethane polymers made with
a wide range of applications, including upholstery, carpet- gifferent formulations-different aromatic isocyanate monomers,
backing, and automotive trim. The desire to make polyurethane giferent types of polyether, different polyether concentrations,
foams with better mechanical properties, such as improved 5ng differing urea/carbamate (urethane) contemé docu-
tensile-tear resistance, compression set, and durability, drivesyented and discussed. Understanding the NEXAFS spectra of
present research in polyurethane chemistry and formulation. Thepolyurethane polymer components is required to explore the

mechanical properties of polyurethane foams are dependent ofyy,grphology and chemistry of polyurethane polymers using
both the macroscopic foam cell geometry and the morphology sTxMm.

of the polymer contained in the foam’s structural eleménts.
This morphology is driven by micro- and macrophase segrega-

tion during the polymerization reaction and by the inclusion of : :
fillers suc% as cF:Jo ):)I mer particlésTo understyand the nature phgnylene 'socyanate (MDI) polyurethane polynfers com-
polyr P . o . parison to calculations and gas-phase inner-shell electron energy

of the phase segregation directly, chemically sensitive, spatially |osq spectroscopy (ISEELS) studies of small molecules that are
rgsol\t/ed prqbgs of)(polqu mlcrostrugt_:_J)r(eMar}a reqllillreg:. gﬁan'structural analogues to these polyurethane structurbat work
?hl_ng rart;lsmlsslmr:h -rsa}ll_Qw’\;lcro_scopy ( .) IS we hsw € g demonstrated that core excitation spectroscopy can distinguish

IS prod em. in (; hm|croscope, r;]mcrograp S cgm € urea and carbamate (urethane) functional groups and established
acquired using an X-ray photon energy that corresponds to a,, empirical baseline for understanding the sensitivity of core
chemically sensitive core electron electronic transition, or X-ray excitation spectroscopy of polyurethanes. This study extends

SorpY Th doe X b o fi Lihis earlier work to a wider range of polymers, using the higher
ﬂlllﬂE)Zi?:lgnSI ese near-edge 'r?]y absorption |ne| SIUCtUre resolution NEXAFS spectroscopy to achieve an enhanced
( ) spectromicroscopy techniques are analogous t0 .pamical sensitivity.

energy-filtered TEM imagingand electron energy loss spec- High chemical sensitivity is demanded from these spectros-

troscopy in a transmission electron microscope (FEHRELS)? . . . .
Py pe ( ) copy techniques, as the reaction chemistry of polyurethanes is

A discussion of the relative merits of STXM versus TEM complex because of side reactions and many process variables
EELS spectroscopy for polymers has been presented previously. The basic chemistry of flexible polyurethane foams consists of

Relative to TEM-EELS, STXM spectromicroscopy can acquire three major reagents: an aromatic diisocyanate (OGN-
spectra with relatively low radiation damage and high spectral NCO), a polyether polyol (HOR—OH), and water. The

energy resolution but lower spatial resolutior35 nm in ideal reaction of an isocyanate group and the polyether poh@H

We have previously used TEMEELS spectroscopy to
examine the core excitation spectra of model methyleng di-

samples). group forms a carbamate linkage (ANH—C(O)—0O—R). The
- . — reaction of two isocyanate groups with water forms a urea
. mm\;g%%;@g University. linkage (Ar-NH—C(O)-NH—Ar) and CQ gas; this gas
s Dow Chemical USA, Midland, Michigan. “blows” the foam. Two types of diisocyanates are typically used
'Dow Chemical USA, Freeport, Texas. for polyurethane foams: toluene diisocyanate (TDI) and MDI.
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TDI-based flexible foams predominate in North America, while CHART 12
MDI is the basis for flexible foams in Europe because of BM Model MDI Polyurethane
differen.t history, demands pf the marketplace, etc. The polyether o 0
polyol is varied to optimize the physical properties of t_he /MO,C\N N,c\0+
foam: poly(propylene oxide) (PPO) versus poly(ethylene oxide) i i
(PEO) polyethers; di- or trifunctionality; secondary or primary
—OH; and differing molecular weights. Therefore, the ideal H 0
chemically sensitive probe must be able to distinguish ureaand  ocN ﬁ\c‘(,oﬁo,&NNCO
carbamate linkages, quantify the polyether content, and identify X =34
the type of diisocyanate used (MDI versus TDI). We demon-
strate all of these capabilities in the present work. The Q Q
complications inherent to applying this spectroscopic informa- THO A~ Gy N Er oSO
tion to the chemical microanalysis of “real” polyurethane I I
materials, including the role of sample damage and the presence  BoModel MDI Polyurethane
of minority components, will be presented elsewtete. o

In this study, we compare the NEXAFS spectra of polyure- OCN\‘\/‘/Lc(’Oj/‘%o'CW NCO
thane polymers made with the two most common diisocyanate O O S B4 ow
monomers: MDI and TDI. This is the first report of the
NEXAFS spectra of TDI-based polyurethane polymers and =~ Model MPI Polyurea
NEXAFS comparison of polymers containing urea and carbam- 0
ate functional groups. We evaluate the ability of NEXAFS to \(~N N—C~)\N/
distinguish urea and carbamate linkages and its sensitivity to H H H

this distinction when these linkages are present in polyurethanes
that have a high polyether concentration. A comparison is made  Model TDI Polyurea

B2 Model MDI Polyurethane

to the set of MDI polymer spectra previously acquired by TEM i H H H
EELS to demonstrate the improved chemical sensitivity that /N~C+N N~C,)/N\
results from the higher spectral resolution of these NEXAFS 5 D/ S

spectra. Molecular model spectra, acquired by ISEELS, are used
to aid the assignment of the polymer spectra. The present resultS  Model TDI Polyurethane

for the TDI model polymers are used as reference standards H i
for quantitative functional group compositional analysis else- /(’\/\/O‘g’N/\Q/N\,C,’O\)\
where? 0 Y

) ) a Commercial TDI monomers are produced in an 80:20 ratio of 2,4-
2. Experimental Section and 2,6-isomers. For simplicity, only the 2,4-isomer is presented here.

2.1. Materials. Chart 1 presents the structures of the model
polyurethane polymers that are the subject of this paper. Thesepjcking up the film with a copper support grid. A series of four
polymers were chosen to isolate particular chemical environ- Tp| polyurethane polymers were made by reacting toluene
ments present in complex polyurethane polymers. These modelsjiisocyanate monomer with trifunctional poly(propylene oxide)
represent polymers made with the two most common diisocy- polyols of different molecular weights (250, 700, 1500, and 3000
anate monomersMDI and TDI (mixed isomers: 80% 2,4 TDI;  Mw). The resultant TDI polyurethane polymers are identified
20% 2,6 TDI). here as T250, T700, T1500, and T3000, respectively.

The MDI polymers B2 and BO were prepared as part of @ tpg o1y (ethylene oxide) polymer sample was obtained from
previous multitechnique studyand the original sample labels Scientific Polymer Products (5000 000 MW) and was melt-

are used here. The B2 polymer is formed by the reaction of a . : : : .
= pressed into a disk for microtoming. The poly(propylene oxide)
soft-segment prepolymer (OCRK—NCO) and a hard segment sample is an—OH terminated, 700 MW polyol that was also

prepolymer (HG-Y—OH) (see Chart 1 for identity of X, Y used for the T700 polyurethane synthesis.

units). The soft segment prepolymer is a 2000 MW poly- . . . .
(propylene oxide) diol (approximately 34 PPO repeat units) Solid samples were microtomed using a Reichert-Jung Fc4E

capped by MDI), and the hard segment prepolymer is MDI with cryoattachment. Cryosections were typically cgt—aﬂ(_)
capped by butane diol. The BO polymer model is the prepolymer °C and were transfer.red' to bare copper support grids with an
OCN-X—NCO that was used for the synthesis of B2. The BM @Yelash brush. The liquid polymer samples (BO and the 700
polymer was prepared by the reaction of MDI with an excess MW PPO polyol) were prepared by dispersing the polymer in
of butane diol under similar conditions as B2 and BO. The B2, Water and dropping a small quantity of this solution onto a thin,
BM, and the MDI polyurea polymers are solid, while the BO umform, and X-ray transparent substrate (carbon-coated TEM
species is a viscous liquid. BM is aromatic or “hard segment” 9rid for BO; 100 nm thick SN4 window for the poly(propylene
rich polymer, BO is “soft segment” or polyether rich, while B2 oxide) polyol). Spectra were taken through uncovered substrate
has an intermediate composition. areas to correctly normalize for substrate absorption.

The TDI polymers were made with an 80:20 mixture of 2,4- Molecular spectra were acquired in the gas phase by ISEELS
and 2,6-isomers of the monomer toluene diisocyanate. This isand in the solid state by NEXAFS. The solid-phase sample of
the same isomeric composition used in the commercial TDI 2-propane diol was prepared by depositing a small drop of a
polyurethanes that we wish to model. The model TDI polyure- 5% solution of the molecule in water onto a thins
thane polymer was formed from the reaction of TDI with butane membrane. The water partially evaporated, although water has
diol. The model TDI polyurea polymer was prepared by a small and featureless cross section at the C 1s core edge
dropping small amounts of TDI onto liquid-distilled water and energies (276320 eV). The molecule 2-propane diol was
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purchased from Aldrich (99.5%). The spectra of etRyphenyl
carbamate and diisopropyl ether were published previously.

2.2. NEXAFS Spectroscopy NEXAFS spectra were re-
corded with the X-1A STXM at the National Synchrotron Light
Source (NSLS) and with beamline 7.0 STXM at the Advanced
Light Source. Spectra of these uniform samples were acquired
with the X-ray beam defocused to a-55um diameter “donut”

(the form of a defocused zone plate beam). The beam defocus
is critical for distributing the X-ray dose over a suitably large
volume of sample to reduce the rate of beam damageme

of the spectra recorded at NSLS were acquired before a recent
optics and monochromator upgraé’he energy resolution of
these spectra is typically 0.£®.30 eV fwhm, depending on

the experimental conditions and the instrumentation on which
the spectra were acquired. For energy scale calibration, CO
gas was added to the He purge in the microscope and the
transmission spectrum of the mixture of the polymer ang CO
gas was recorded. The energies of the,CO Rydberg
transitions from the high-resolution NEXAFS spectra of Ma et
all® were used to calibrate these spectra. These values are
consistent with the calibrated electron energy loss spectra of
Tronc et al*? The calibration is documented in the tables of
spectral assignments.

2.3. Energy Loss SpectroscopySEELS was used to record
the C 1s core excitation spectrum of gaseous 2-propane diol
and was used to record the previously published C 1s and O 1s
core excitation spectra of ethid-phenyl carbamate and diiso-
propyl ethef presented in this paper. These spectra were
recordgd “5"?9 the MCMaSIer g_a_s-phase SpeCtromeEr.ateq Figure 1. C 1s NEXAFS spectra of MDI polyurea, MDI polyurethane
under inelastic scattering conditions under which electric dipole BM), TDI polyurea, and the TDI polyurethane model polymers
transitions dominate. The absolute energy scale was establishecquired by X-ray transmission and presented on an oscillator strength
by recording the spectrum of a stable mix of the analyte and a per carbon atom scale. See Chart 1 for polymer structures.
standard calibrant gdé,as documented in the table of assign-

ments. The energy resolution for the ISEELS spectra that are
presented here is 0:5.7 eV fwhm. NEXAFS spectra of two MDI model polymers MDI polyurea

The electron energy loss spectra of polyrevere recorded and MDI polyurethane (BM) and the corresponding TDI models

in a scanning transmission electron microscope (STEM) (VG ;EsligrilorLyeur:tesaa?g(:)r?el—ge:n?;(;yi%r(‘ertzt?lgi. f:ﬁ(;%esan%n?h:%%?;ﬁler
Microscopes model HB501, located at the National Institutes structures are presented in Chart 1 ’

of Health) equipped with a field emission filament and a parallel )

EELS spectrometer (Gatan model 6683}° The electron dose T_he polyurethane and pglyurea C 1s NEXAFS spectra have
was approximately 100¢énm? (5 C/n®) for the carbon K-edge an intense C 1s(€H) — 1*” c=c transition at 285.2 eV and a
and 400 e/n? (20 C/n?) for the oxygen K-edge spectra. The weaker C 1S(€R) — Lr*cc transition at 286.5 eV. (Note
sample was cooled t100 K during acquisition. This system tha_t the core level is indicated parenthencally before th(_e_arro_w,
is capable of an energy resolution as good as 0.5 eV. However,\.’\’h'.Ie the nature c.)f the Upper level of a given transition is
to minimize radiation damage, spectra were acquired from 5 to indicated as Fhe final subscript. The C 1§(R) is the ring .
10um diameter regions with a defocused 100 nm beam rasteredCarbon to which the carbamat*e, urea, or isocyanate group Is
over the region of interest while simultaneously compensating attach_ed). The C 1S(€R)._) 1z c=c feature IS an electronlc_
for changes in the beam position by applying a synchronized transition to tt:e same optical orbital (i.e., the lowest unqccupled
voltage to the spectrometer drift tube. This “descan” procedure level |n.the7.r' manifold common to al! of the pheny! rmgs),'
very likely degraded the instrumental resolution to something except it originates _from the phenyl ring carbon ato*m that is
more than 1 eV. The potential for performing even higher bond_e_d to th_e amlde_ group. Th(_a C 1s®) — lr*c—c
resolution EELS spectroscopy of polymers may be realized soon, fransition is Sh'ﬁ?d o h'gh‘?r energy in part becaysg the electron-
Some specialized existing TEMEELS instruments have dem- Wl_thdrawmg amide group increases the C 1s b_mdmg energy of
onstrated 0.20.4 eV fwhm energy resolution for semiconduc- this phenyl carbqn and In part because of dlfferences in the
torst” and nickel aluminum intermetalli€&but not for polymers. nature of the opt_lcal orbital and.the naure of its response to
The development of TEM monochromators capable of reaching core hole relaxathn for states Wlth.COI’e hoI'es onfCversus

50 meV resolution is in progred&2° While higher energy C_I? carbon_s.” This phenomqnon Is sometimes ref_erreq to as
resolution is possible in principle, the EELS spectra presented the "C—R shift’, a““," Its Enagnltl_Jde deper_‘ds on the identity of
here represent the highest resolution EELS spectra of polyure-the R group of the “GR" substituted moiety.

MDI polyurea

[=)%
T

MDI polyurethane
(BM)

TDI polyurea

Oscillator Strength Per Carbon Atom (10‘2 eV’
~

TDI polyurethane

285 290 295
Energy (eV)

thane polymers published to date. A similar C—H/C—R &* energy splitting_ is observed in the
TDI polymers. However, the intensity ratio of the-&/C—H
3. Results and Discussion transitions is very different than for the MDI polymers. The

pattern of C 1s(EH) — 17*c—c and C 1s(C-R) — Lla*c—c
3.1. Model Compound Studies3.1.1. Distinguishing TDI- transitions in the 285288 eV range of these spectra is the key
and MDI-Based Polyurethanegigure 1 presents the C 1s to distinguishing MDI and TDI polyurethane polymers. This
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TABLE 1: Energies (eV) and Assignments for the C 1s NEXAFS Spectra of MDI Polyurethanes (BM, B2, and B0) and MDI

Polyurea
model MDI polymers assignment

BM B2 BO MDI polyurea C—-R C=0 CH,
1 285.18 285.18 285.18
2 286.5 286.5 286.5 286.46 mlc—c
3 287.6 287.4 €H
4 288.1 C—-H
5 289.0
6 289.0 289.0 0%c-c
7 290.94 289.94 T* =0
8 br 294.0 0*c-0
9 br

a Calibrated by recording the transmission spectrum of an admixture of the polymer angga€CCalibration:=7.62 eV relative to the center

of the overlapping C 1s> 3s(=0) and the C 1s~ 3s(y=1) transitions in C@(292.8 eV)!*

TABLE 2: Energies (eV) and Assignments for the C 1s NEXAFS Spectra of TDI Polyurea and TDI Polyurethane

model TDI polymers assignment

TDI polyurethane TDI polyurea €H C—R C=0 CH
1 285.18 285.16 1a* c—c
2 285.44 285.44 A* c—c
3 286.65 286.55 A c=c
4 287.5 287.8
5 289.1 288.6 2*c—c
6 289.94 289.5 ¥ c=0
7 291.8 291.2 0*c-o
8 br 294 294 0% c=c
9 298
10 br 304 302 0% c=c

a Calibrated by recording the transmission spectrum of an admixture of the polymer angg€CCalibration:=7.64 eV relative to the center
of the overlapping C 1s> 3s(=0) and the C 1s> 3s(v=1) transitions in C@(292.8 eV)*

difference can be readily explained by examining the structure with those observed foiN-phenylurea and ethyN-phenyl
of the MDI and TDI polymers (see Chart 1). In the MDI carbamate molecular models by C 1s ISEELS spectrostopy.
polymers, each phenyl ring is bonded to one amide group and These spectroscopic differences in the C 1sR} —
one methylene group; while in the TDI polymer, each phenyl 1z*c—c transitions between the spectra of polyurea and poly-
ring is bonded to two amide groups and one methyl group. The urethane are modest in comparison to the shift in the prominent
C 1s spectra of xylenes demonstrate that theRGshift due to C 1s(C=0) — z* c=o transition, which occurs at 289.5 eV in
methyl substitution is very smalr0.1 eV)2! Therefore, the the urea-containing polymers and at 289.94 eV in the carbamate-
methylene C-R shift can be neglected and only the amideRC containing polymers. This shift was predicted by gas-phase
shifts are significant. In MDI-based polymers, one phenyl carbon ISEELS resultg,extended Hakel MO (EHMO) calculatior®
will have the C-R shift and five phenyl carbons will not; in  and high-quality ab initic calculations performed using the
the TDI-based polymers, two phenyl carbons will have theRC program GSCF32 These calculations can be used to explore
shift while four carbons will not. The observed spectral the relative contributions of valence delocalization and core
intensities of the €H/C—R components agree semiquantita- binding energy shifts to this C 1s€D) — x* c—o transition
tively with this substitution counting prediction. shift. The valence electronic mixing shifts the carbamate
The C 1s(G-H) — lr*c—c transition in the MDI-based  x*c—o optical orbital to lower energy relative to urea. This shift
polymer spectra is nearly symmetrical within the experimental in 7*c—o energy is opposite to and smaller in magnitude than
resolution, while this peak in the TDI-based polymers has two the shift in C 1s binding energy. The carbonyl C 1s binding
closely spaced components with the first peak slightly more energy shifts 0.76 eV between the urea and carbamate moieties
intense than the second. The small splitting in the TDI C (288.84 eV for polyurea; 289.60 eV for polyurethaf€Thus,
1s(C-H) — 1xa*c—c transition reflects small shifts in the TDI  the core binding energy shift is largely, but not solely,
phenyl ring carbon C 1s binding energies. responsible for the difference in the C 1sf0) — 7*c—o
3.1.2. Distinguishing Urea and Carbamate Functionalities. energies of the urea and carbamate.
The energy of the C 1s(€R) — Lr* c—c peak (near 286.6 eV) In polymers containing phenyl groupa C 1s(C-H) —
varies slightly between the urea and carbamate (urethane)2r*c—c transition is expected to occur at289 eV2® derived
polymer models. The largest difference is observed betweenfrom the C 1s— 27*(byg) transition in benzen# Above the
the TDI polyurea and TDI polyurethane models. The C 2s(C carbonyl transition C 1s— o* transitions are assigned in
R) — 1lx*c—c feature is at lower energy and has a slightly accordance with previous assignmefi3.
different shape in the polyurea model than in the polyurethane 3.1.3. Spectroscopy of the Polyether ComponEigure 2
model. In addition the €H and C-R intensities differ, with presents the C 1s NEXAFS spectra of poly(ethylene oxide),
an almost 30% increase in the C 1s+(B) — la*c—c peak poly(propylene oxide), and 2-propane diol (solid phase), in
intensity in the polyurea versus the polyurethane. A similar but comparison to the ISEELS spectrum of 2-propane diol (gas
smaller energy and shape difference is observed between theghase). Energies and assignments of the polymer spectra are
MDI polyurea and polyurethane models (which were recorded presented in Table 3 and that of the molecule 2-propane diol in
at lower resolution). These ureaarbamate shifts are consistent Table 4.
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Figure 2. C 1s NEXAFS spectra of poly(ethylene oxide), poly-
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TABLE 4: Energies (eV) and Assignments for the C 1s
NEXAFS Solid-Phase Spectrum of 2-Propanol and the C 1s
ISEELS Gas-Phase Spectra of 2-Propanol and Ethylene
Glycol

assignment
2-propanol (solid)  2-propanol (gas) —CHyx—0O CHs
1 287.5 287.0 €H
2 288.3 288.3 0*0-H C-H
3 289.1 289.2% C-H
4 293.2 292.8 o0*c-olo*c-c  0*c—c

a Calibration: 1.80(4) eV relative to C ks 7* o transition in CO
(289.40 eV).

expected? although theoretical studies have proposed that there
is a significant® or partiaf® Rydberg contribution to these
features in polyethylene. The higher energy C48*c_c and

C 1s — o*c-o transitions are assigned in accordance to
previously published assignments on similar spe€ies.

The spectrum of poly(propylene oxide) is much more
complex, since there are spectral contributions from three
different carbon chemical environments@Hz, —CH,—0O—,
and —O—CH-). There is an intense transition a289 eV,
while at lower energy there are two shoulders on the rising edge
(287.4 and 288.1 eV) of the spectrum. The two low-energy
shoulders are expected to be C-2<—H transitions associated
with the —CHs group. The intense transition at289 eV is
tentatively assigned to C 3 C—H transitions of the backbone
carbon atoms at a similar energy as in poly(ethylene oxide).

The solid and gas phase C 1s spectra of 2-propane diol are
included in this comparison because these molecules reproduce
the carbon atom next-nearest-neighbor bonding environment

transmission, in comparison to the C 1s ISEELS of 2-propane diol (gas present in poly(propylene oxide). It is generally believed that

phase). These spectra are presented on an oscillator strength per carb
atom scale.

TABLE 3: Energies (eV) and Assignments for the C 1s
NEXAFS Spectra of Poly(ethylene oxide) and Poly(propylene
oxide)

polyethers assignment

PEO PPO —CH—0 CHs
1 287.4 C-H
2 288.1 C-H
3 289.¢ 289.F C—H
4 289.7 289.6 CH
5 292.6
6 294 293.8 O’*c—c O'*c—c
7 305 305 o* c-0 O*Cfo

a Calibrated by recording the transmission spectrum of an admixture
of the polymer and C@gas. Calibration: PEO;-3.8 eV, and PPO,
—3.7 eV, relative to the center of the overlapping C18s(=0) and
the C 1s— 3s(=1) transitions in C@(292.8 eV)*

The spectrum of poly(ethylene oxide) is quite simple,
representing the contribution from the single Qtdrbon atomic
environment in the polymer, with a strong transition at 289 eV

e local environment primarily determines the NEXAFS spectra

of saturated hydrocarbons. Low-energy features (€-16—H
transitions) are observed at approximately the same energy in
poly(propylene oxide) and in solid-phase 2-propane diol. We
expect the spectrum of the 2-propane diol molecule to differ
slightly from the poly(propylene oxide) spectrum because of
contributions from a sharp C s ¢* oy transition observed

at ~288 eV in alcohol specie®:32 The shift in the energy of
the maximum of the overlapping*c-o ando*c_c transitions

is noteworthy (294 eV in the polymer;»293 eV in the
molecule). This difference may arise from-tonjugation®—
interactions between adjacent monomer units that form a split
band structure from a set of levels that would otherwise be
degenerate at 293 eV in the isolated units.

The gas-phase C 1s ISEELS spectrum of 2-propane diol is
very different from the spectrum of poly(propylene oxide) and
the solid-phase spectrum of 2-propane diol. Part of the difference
between the solid NEXAFS spectrum and the gas-phase ISEELS
spectrum of 2-propane diol is due to differences in spectral
resolution (0.3 vs 0.7 eV) as well as the expected attenuation
of Rydberg transitions in the solid sté&e**Rydberg transitions
typically shift to higher energy in the solid staéfealthough

and a weaker but clearly resolved feature at 289.7 eV. In the C shifts to lower energy are known for Rydberg transitions with

1s NEXAFS spectrum of poly(ethylene oxide) published by
Kikuma and Tonnér only one feature is observed-af89 eV,
but this difference is simply a function of the improved spectral
resolution in the present work.

Except for chemical shifts, the general character of the low-

large n.3* The shift in the energy of the first transition in
2-propanol might suggest a Rydberg shift to higher energy in
the solid state. However, it is difficult to make a firm conclusion
on account of the strong overlap of the Rydberg aiC —H
transitions in 2-propane diol.

energy spectral features in poly(ethylene oxide) are expected This comparison of gas and solid molecular and solid-phase

to be similar to those of polyethylene, where two low-energy
features with a similar energy splitting are assigned as € 1s
C—H transitions ofo andsz symmetry?8.2° In the solid phase,

polymer spectra demonstrates some of the challenges of applying
“local” atomic neighbor models to interpreting polymer spectra,
particularly for saturated species. This differs from the successful

Rydberg transition contributions to these features are not use of molecular models for interpreting the spectra of aromatic
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Figure 4. C 1s NEXAFS spectra of the carbamate component of TDI

290 295 polyurethanes made with 1500 and 3000 MW _poly(propylene oxide)
Energy (eV) polyether polyols (T1500 and T3000, respectively). The carbamate
. . component was isolated by subtracting the poly(propylene oxide)
Figure 3. C 1s NEXAFS spectra of TDI polyurethanes made with spectrum from the polyurethane spectrum in proportion to the relative

250, 700, 1500, and 3000 MW poly(propylene oxide) polyether polyols amount of poly(propylene oxide) present in the species.
(labeled T250, T700, T1500, and T3000, respectively), compared to

the C 1s NEXAFS spectrum of the 700 MW poly(propylene oxide)

polyether polyol. These spectra were acquired by X-ray transmission polyurethane polymer. This sensitivity is important for the

and are calibrated with a precision of 30 meV. identification and quantification of urea and carbamate linkages
in typical polyol-rich polyurethane materidls.

polymers, particularly when the “spatial extent”of delocal- A second example of the effect of the poly(propylene oxide)
ization in the polymer is properly accounted for in the molecular concentration on C 1s NEXAFS spectra of MDI polyurethanes
model structuré®22 The effect of ‘o-delocalization” and the IS Presented below (section 3.3.1).
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contentious issue of Rydberg transitidhis the core excitation 3.3. MDI Polyurethanes: Comparison of STXM-NEX-
spectroscopy of polymers deserve further experimental andAFS and TEM—EELS Methods. 3.3.1. C 1s Spectroscapy
theoretical study. Figure 5 presents a comparison of the NEXAFS spectra of the

3.2. Polyether Concentration Dependence of NEXAFS  MDI polyurethane models (BM, B2, and BO) (right panel) with
Spectra of TDI Polyurethanes Figure 3 presents the C 1s the previously reported electron energy loss spectra (EELS)
spectra of four TDI polyurethane polymers synthesized with recorded in a transmission electron microscope (left p&nel).
poly(propylene oxide) polyether polyols of different molecular The gas-phase ISEELS of ethiyiphenyl carbamate (topand
weight (250, 700, 1500, and 3000 MW), together with the C 1s the solid-phase NEXAFS spectrum of 2-propane diol (bottom)
spectrum of poly(propylene oxide). The only difference between are included for comparison. These MDI polymers only contain
these polymers is the molecular weight of the polyol reagent, Polyurethane linkages and have different proportions of what
which changes the effective ratio of the aromatic component to have been called “hard segment” (aromatic-rich polyurethane)
the polyether component in the polymer. As expected, there is @nd “soft segment” (polyether-rich) components. The structures
a strong variation of the relative intensity of aromatic and Of these polymers are presented in Chart 1.
polyether features as a function of the polyol molecular weight. ~ The spectral assignments for the BM polymer (MDI poly-
The assignment of these spectra is similar to those of the TDI urethane model) were discussed above (83.1, 3.2). The B2 and
polyurethane model, above. The C 15{Q) — n* c—o transition BO polymers differ from BM, since they include poly(propylene
is clearly visible in the polymers synthesized with the 250, 700, oxide) “soft-segment” copolymerized with the BM hard segment
and 1500 MW polyols and can be identified as a very weak (see Chart 1). The assignments of the poly(propylene oxide)
shoulder at 290 eV in the spectrum of the polymer made with components of B2 and BO follow from section 3.1.3, above.
the 3000 MW polyol. Figure 4 presents the spectrum of the Since the electronic interaction between the “soft segment” poly-
carbamate component of the TDI polyurethanes made with the (propylene oxide) and the “hard segment” MDI components is
1500 and the 3000 MW polyol, obtained by subtraction of the expected to be minimal, the spectra of the “mixed” component
spectrum of poly(propylene oxide) scaled in proportion to the B2 and BO polymers can be viewed as the sum of the soft and
amount of polyether polyol in each species. Although noisy, hard segment contributions.
all of the characteristic carbamate spectral features are detected, The comparison of higher resolution NEXAFS spectra (6.15
even when the carbamate linkage is a small fraction of the 0.25 eV fwhm) and lower resolution TEWEELS (~1 eV
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Figure 5. C 1s NEXAFS spectra of the MDI polyurethane models Fi9ure 6. O 1s NEXAFS) spectra of the MDI polyurethane models
BO, B2, and BM, acquired by X-ray transmission (right panel) in BM and B0, acquired by X-ray transmission (right panel) in comparison
comparison to the C 1s EELS of these MDI polyurethane models © the O 1s EELS of MDI polyurethane models BM, B2, and BO,
acquired in a transmission electron microscope (left pan&hese acquired in a transmission electron microscope (left pgnéhese
spectra are compared to the C 1s gas-phase (ISEELS off{piyényl spectra are compared to the O 1s gas-phase ISEELS offeiplyényl
carbamate (top trace) and the C 1s solid-phase NEXAFS spectrum Ofcarbamate (top trace) and dusopropyl eth_er (bottom_ trace).' The
2-propane diol (bottom trace). The molecular spectra are presented agnollecular spectra are presenctjed as II'IQ(T'S with data points, while the
lines with data points, while the polymer spectra are presented as soligPolymer spectra are presented as solid lines.

lines. TABLE 5: Energies (eV) and Assignments for the O 1s

NEXAFS Spectra of MDI Polyurethanes BM and B2
fwhm)® and ISEELS (0.7 eV fwhm) spectra clearly illustrates model MDI polymers

assignment
the improvement in chemical sensitivity with higher spectral BM B2 c—o O-R other
resolution. While similar spectral trends can be discerned in
both the EELS and NEXAFS data, the differences are clearer % 23(1)'2 . ,)Q )
with higher energy resolution and the features can be assigned 5 532.7 5307 e oo '
with more confidence. For example, the C 1s{Q) — a*c—o0 4 535.4 535.6 (sh)
transition is resolved in all three NEXAFS spectra, whereas it 5 537 o*co
is only just visible in the BM and B2 EELS spectra. The ability 6 540 539 0*c-o

to distinguish such features is not just a matter of convenience
but is essentialin the application of polymer NEXAFS to  spectra may also be significant. A recent study of the X-ray
component quantification in polyuretharfesspecially in samples ~ radiation damage rates for a large series of polymers indicated
with a high polyether concentration. that unsaturated polymers such as poly(propylene oxide) and
3.4. O 1s SpectroscopyFigure 6 presents the O 1s NEXAFS  carbonyl functional groups are particularly sensitive to radiation
spectra of the MDI polyurethane polymers BM and B2 (right damagé’ Given this constraint, it is difficult to get higher
panel), in comparison to the previously published C 1s EELS quality O 1s EELS spectra for polyurethanes.
spectra of MDI polyurethane polymers BM, B2, and BO (left In addition to the main O 1s(€0) — n* c—o transition, the
panel)® and the O 1s ISEELS spectra of ethiphenyl O 1s(0O-R) — m*c—o transition is resolved at 535.4 eV. This
carbamate (top) and diisopropyl ether (bottdnTable 5 lists feature originates from delocalization of th&c—o density onto
the energies and spectral assignments for the O 1s NEXAFSthe —O—R oxygen atom. The presence of this O 1s®) —
spectra of B2 and BO. These are based on previous assignments* c=o transition in carbamate had been predicted to be key to
of lower resolution EELS spectra of these polymers and ISEELS distinguishing between urea and carbamate linkdges.
spectra of molecular models. The O 1s spectrum of MDI model B2 illustrates the influence
There are two prominent differences between the O 1s EELS on the spectrum of increased concentration of poly(propylene
and the NEXAFS spectra. In the higher energy resolution oxide); the contributions of the polyether increase greatly relative
NEXAFS spectra, the O 1s(60) — z* c—o transition is sharp to those from the carbonyl of the carbamate. The ISEELS
and clearly resolved, even better than in the gas-phase ethylspectrum of diisopropyl ether is an excellent model for this
N-phenyl carbamate model spectrum. The corresponding transi-environment, since it reflects thmext-neighboatomic environ-
tion in the EELS polymer spectrum is not resolved. This is in ment of the oxygen atom. The O 1s spectrum of diisopropyl
part because of the poorer spectral resolution of the O 1s EELSether consists of O 1s> ¢*c—o transitions. Thesa&*c—o
spectra, but the effect of beam damage on the polymer O 1stransitions are responsible for the broad spectral intensity at 539
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