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Considerable variation is observed in the near-edge X-ray absorption fine structure (NEXAFS) spectra of
amino acids. To unambiguously characterize the chemical origin of this variation, we have acquired the nitrogen
1s NEXAFS spectra of several amino acids and other model compounds and complemented these experimental
measurements with ab initio calculations of isolated molecules and molecular clusters. The systematic
differences observed between the zwitterionic and un-ionized forms of amino acids arise directly from the
structural difference{NH, vs —NH3™), which leads to a change in the degree of Rydbemjence mixing.

Further change arises from quenching of this Rydberg character in the spectra of condensed amino acids. Ab
initio calculations are used to explore the degree of Rydbeadence mixing in the solid state.

1. Introduction dichroism (XNCD) at soft X-ray wavelengti$1%24In the
seminal papers of Agren et &f.25this effect was predicted to
occur in the NEXAFS spectra of serine and alanine. The XNCD
measurement is challenging as the anisotropy (e.g., difference
between the NEXAFS spectra recorded with left and right
nature, 20 of which play a crucial role in human biology. Their circularly polarized X-rays) is predicted to be on the ‘?rder Qf
properties depend on the functional groups in their substituents.0-1~0-01% of the normal NEXAFS spectroscopic intensity. This
These properties can vary from acidic to basic, hydrophobic to Small effect might easily be overpowered by stronger differences
hydrophilic, polar to nonpolar, and neutral to positively or due to molecular orientation or chemlca! |nhomogene!ty. IF is
negatively charged, depending on the substituent and its therefore essential that the chemical anisotropy be minimized
chemical environment. and that probable chemical differences in amino acid
In addition to the neutral form (#—C*R,—COOH), a-ami- samples such as protonation and deprotonation are well under-
no acids can also exist as dipolar ions or zwitterions in which Stood.
the basic amine group becomes protonated and the acidic group We have obtained the nitrogen 1s NEXAFS spectra of glycine
becomes deprotonated " —C*R,—COO"). The zwitterionic (1, glycine hydrochloridel(), glycine sodium saltl{l ), poly-
form is common in the solid state, while the neutral form is (allylamine) (V), and poly(allylamine hydrochloride)V(,
common in the gas phase. The solution form can be protonatedrecorded on thin solid films in transmission. These species were

Amino acids are molecules that contain an amine group
(—=NHy), a carboxylic acid group{COOH), and side groups
(—R2) bonded to a tetravalent carbon atom XH C*R,—
COOH). There are more than 5@0-amino acids found in

(HaN"—C“R,—COOH) or deprotonated @l —C*R,—COOQ"), selected to isolate the amine groupNH>) or the protonated
depe_ndlng on theky of each |on|zablle proton, the pH of the  amine group £NHs"). For example]l is expected to have a
solution, and the presence of metal ions. protonated amine group, whildl is expected to have an

The near-edge X-ray absorption fine structure (NEXAFS) unprotonated amine groupis expected to have a zwitterionic
spectra of amino acids in the gas, liquid, and solid phases, structure in the solid state and a neutral structure in the gas
including amino acid monolayers, have been studied by many phaselv andV allow us to compare the nonprotonated and
groups'~? NEXAFS spectra of amino acids have been proposed protonated amine groups in circumstances where zwitterion
as “building blocks” for the spectra of more complex species formation is not possible. To properly characterize strueture
such as polypeptides and proteiris2>* ) ~ spectral relationships for the amine group, it is essential to

NEXAFS spectra have been proposed for biochemical ynampiguously characterize its chemical state. FT-IR Raman

contrast in X-ray microscopy, toward an ultimate goal of gpectroscopy is used to confirm the chemical state of these
chemical mapping of proteins in cells, protein absorption on compounds.

surfaces, eté?23 However, we believe that the use of amino
acid spectra for building block analysis of proteins should be
approached with some caution, as the amide linkage in polypep-
tides is very different from the amine and carboxylic acid groups . ; S .
in amino acids. used to rationalize these spectroscopic differences in terms of

Recently, several groups have examined the NEXAFS spectrad'ﬁerencfg_ f'fn Rydbergvalence m|X|+ng ﬂ:jat agse due to tge
of chiral amino acids in their search for X-ray natural circular _structura : efe”C‘?S*NH_Z vs —NHs") and Ry erg quench-
ing due to the solid environment. The protonation effect is

*To whom correspondence should be addressed. E-mail: "€SPonsible for some of the variation widely observed in the
stephen.urquhart@usask.ca. literature spectra.

Our results show significant differences between the nitrogen
1s NEXAFS spectra of the protonated amine group {Ntnd
nonprotonated amine group (MH Ab initio calculations are
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2. Experimental Section

2.1. Reagents and Sample PreparationReagents were
purchased from commercial sources and used as received:
(99%), 11 (99%),11l (99%),IV (average MW 65000, 20 wt %
solution in water), and/ (average MW 70000) from Sigma
Aldrich. These species are presented in Scheme 1.

The scanning transmission X-ray microscope (STXM) on
beamline 5.3.2 at the Advanced Light Source (ALS) was used

to acquire the NEXAFS spectra of these materials. Samples were

prepared for STXM in the following manner. Milligram

guantities of all five compounds were dissolved in deionized
water obtained from a Millipore water purification system
(resistivity 18 MQ-cm) to prepare dilute aqueous solutions.

Small volumes of these solutions were cast on carbon-coated
copper grids (SPI, West Chester, PA). These grids were placed

in an oven at 53C for less than 5 min to accelerate solvent
evaporation. The samples 6f-lll consisted of fine crystals
(from 0.5 to 10um size from optical microscopy), whilg/
andV formed amorphous thin films.

Sample preparation for FT-IR Raman spectroscopy closely
followed the NEXAFS preparation methods. While there are
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2.3. FT-IR Raman MeasurementsFT-IR Raman spectros-
copy was used to verify the chemical state of the amine group
for the molecules examined in this study. Measurements were
performed using an FRA 106/S FT Raman module attached to
an Equinox 55 spectrometer from Bruker Optics. A Nd:YAG
laser sourcedexc = 1064 nm) was used for Raman excitation,
with an operating power of 100 mW. To improve the signal-
to-noise ratio, 256 scans, with a resolution of 4&mwere
averaged per compound. As described in section 2.1, FT-IR
Raman sample preparation methods were designed to mimic
NEXAFS preparation methods to ensure that the same chemical
state is present for both sample sets.

3. Computational Studies

Ab initio calculations have been performed to help interpret
the NEXAFS spectra of the amine H,) and protonated amine
(—NH3™) groups. Calculations were performed using Kosugi's
GSCF3 package, which is highly optimized for the calculation
of core excited state®¥.This program is based on the improved
virtual orbital (IVO) method of Hunt and Goddafdand
explicitly includes the core hole in the HartreBock Hamil-
tonian.

Methylamine and methylamine hydrochloride are considered
as representative models for the amiréNH,) and protonated
amine NHs™) groups. These models represent the chemical
character of these functional groups without the conformational
effects present in amino acidd-or each species, calculations
were performed for the isolated molecule to simulate the gas-
phase spectrum and for a molecular cluster to simulate the solid-
phase spectrum.

trivial methods to prepare organic molecules for IR spectroscopy = 1o geometries of methylamine (isolated) and the methy-

(e.9., pressing into KB, efc.), we imitated the preparatipn lamine cluster were obtained from published X-ray crystal-
methods used for NEXAFS spectroscopy so that the chemical lography parametef€. The methylamine cluster consisted of

state would be the same for both sets of measurements.;3 yethyiamine molecules, with a radius of 7.8 A around the

Milligram amounts of all five compounds were dissolved in

deionized water and transferred dropwise to a glass slide, which

was then heated~(70 °C) to accelerate evaporation. This film

nitrogen atom on the centermost molecule. The geometry of
methylamine hydrochloride was approximated from published
crystallography fractional coordinates. These were only available

was then transferred to an FT-IR Raman measurement cellfOr its heavy atoms (nitrogen, carbon, and chloriffeYhe

(aluminum disk).
2.2. NEXAFS Measurement.NEXAFS spectra were re-
corded in transmission mode in the polymer STXM on beamline

position of the hydrogen atoms was estimated from an ab initio
equilibrium geometry calculation (HF 6-31G*, Spatrari94
where the nitrogercarbor-chlorine backbone was fixed to

5.3.2 of the Advanced Light Source (Lawrence Berkeley the X-ray crystallography coordinates. Using the literature
National Laboratory, Berkeley, CA). This microscope and beam crystal cell parametets and these estimated hydrogen atom

line are optimized for studies at carbon, nitrogen, and oxygen positions, a cluster with a 7.1 A radius around the nitrogen atom
edges® The STXM microscope is a useful end station for on the centermost molecule was constructed from 15 methy-
acquiring the NEXAFS spectra of heterogeneous materials, as|gmine hydrochloride molecules. Bond lengths and angles and

sample areas can be surveyed and small, uniform regionsce|| parameters for methylamine and methylamine hydrochloride
selected for spectroscopy. Spectra recorded at the carbon 1s angre presented in Table 1.

oxygen 1s core edges (not shown here) show strong orientation - Ap initio calculations were performed using the Gaussian-
effects, while spectra recorded at the nitrogen 1s core edgetype extended basis set of Huzinaga éf&l.high-quality basis

appear mostly free of orientation effects.
The spectroscopic resolving powdt/AE) was ~2600 for

set was used for the core-excited molecule (e.g., the isolated
molecule and the central molecule in the cluster calculations).

these measurements. The energy scale was calibrated b basis set of [411121/3111/1*/1*] was used on the core-excited

recording the nitrogen 1s NEXAFS spectrum of &s. The
energies of the N 1s> 3s( = 0) and the N 1s~ 3p(vr = 0)
transitions were set to 406.15 and 407.12 eV, respectiely.
Like all organic molecules, amino acids are sensitive to
radiation damagé? The STXM microscope offers an exquisite
ability to track and limit radiation damage by defocusing the
spot size and by limiting the regions that are exposed to the
X-ray beam?®2°In this study, the X-ray spot was defocused to

nitrogen atom {g = 1.986 and 0.412), expanded from [73/6].
Additional diffuse polarization functiong{= 0.075, 0.0253;
Cp = 0.0440, 0.0197%4 = 0.0282) were added to describe
Rydberg transition&® This basis set is designed to ensure that
the radii of all core excited states are within the radius of the
molecular cluster, preventing anomalous Rydberg states with a
diameter greater than that of the cluster.

A basis set of [621/41] was used for carbon, [41] for

a size of at least 0.bm diameter. Multiple scans were acquired hydrogen, and [433/43] for chlorine atoms (methylamine
at several different areas on each sample to ensure that théwydrochloride only). A simpler basis set was used for other
spectra are reproducible and as free from radiation damage asnolecules in the clusters: [33/3] for nitrogen and carbon, [3]
possible. for hydrogen, and [333/3] for chlorine.
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TABLE 1. Geometries and Unit Cell Parameters for Methylamine and Methylamine Hydrochloride

methylamine methylamine hydrochloride
bond distance (A) bond angle (deg) cell pafam bond distance (A) bond angle (deg) cell pafam

N—C 1.483 HNH, 97.08 a 5750A N-C 1.464 HNH 10750 a 6.040 A
N—H; 1.008 HCH, 110.19 b 6.170 A N-H 1.029 HCH 11056 b 6.040 A
N—H; 1.015 HCHs 109.24 ¢ 13.610A CH 1.095 CNCI 108.30 ¢ 5.050 A
C—H; 1.077 HCH; 108.53 o, f,y 90.00 N---Cl 3.181 o, f,y 90.00
C—H,4 1.115

C—Hs 1.096

Simulated spectra are generated from these calculations by
using a Gaussian line shape for each calculated excitation, using
the program SIMILEZ8 The full width at half-maximum is 1
eV for orbitals of eigenvalue < 0 eV, 5 eV for 0 eV< ¢ < @
5eV, and 20 eV foe > 5 eV. These values correspond to the
approximate experimental resolution for the discrete transitions
and attempt to simulate the shape of the experimental spectra.
The simulated spectra are set to an experimental scale by setting (I
the zero of the calculated term value scale to the calculated
ionization potential.

The degree of Rydberg and valence character is important in
interpreting the NEXAFS spectra of molecules. The Rydberg
or valence character can be inferred by examining the calculated (D)
orbital size and the energy difference between singlet and triplet
core excited state®\Es_t, for a particular transition. Rydberg
orbitals generally have a larger radius than valence orbitals, e.g.,
greater tha 3 A in small molecules. The energy difference )
between the singlet and triplet core excited statdsst, is a
reflection of the differences in electremlectron repulsion for
electrons in Rydberg or valence optical orbitals. Generally, core
excited states witlAEs 1 > 0.05 eV are considered to have
some valence character. We recently used this method to ™ . . ‘ .
characterize the degree of Rydberglence mixing in the 3000 2500 2000 1500
NEXAFS spectra of gaseotfsand condensed alkan&s. Wavenumber (cil)

The VO approx'r.”?‘“%rlo has the poten_tlal for spurious Figure 1. FT-IR Raman spectra ¢f-V. The spectra have been offset
Rydberg-valence mixing®*° as the energies of Rydberg by a constant for clarity.

transitions are generally more accurately calculated than those

of valence transitions. A core-excitegelectron molecule can 4 Results and Discussion

be divided into an “active part” (e.g., the core hole and the

excited optical electron) and a “passive part” (the other 1 4.1. FT-IR Raman Spectra.The FT-IR Raman spectra of
electrons). In the IVO model, the excited orbitals are optimized |-V are presented in Figure 1. Vibrational energies and
in the potential of the passiver (- 1)-electron part, e.g., the  assignments are presented in Table 2.

core-excited cation. This passive part provides a good descrip- 1 presence of the amine groupNH;) can be characterized
tion of the electronic environment for core Rydberg transi- by weak asymmetric and symmetricW stretching bands
tions, as these transitions converge to the core-ionization between 3380 and 3350 crand between 3310 and 3280 ¢h

Cation However for core-{o-valence iansiions, the calotaton 219 &1 N-H deforation between 1650 and 1590 These
’ ’ ’ features can be observed in the FT-IR Raman specti#l of

of the passiver( — 1)-electron part does not account for the . . o .
significant shielding by the excited electron in its valence optical andiv.. Prptonanon of the amine group NHs") will shift the
asymmetric and symmetric \H stretches to lower energy,

orbital. As a result, the nucleus is overshielded and the calculated
energies of the valence transitions are shifted to higher energy.betwee'_q 3300 and 3100 C‘S‘?‘”d between 310.0 ar?d 3000Thn
respectively®® An asymmetric N-H deformation is expected

Therefore, Rydberg and valence core excited states will have a X
between 1660 and 1560 cr and the symmetric NH

different systematic error, and Rydbergalence mixing will B g
be anomalou&241We can correct for this shielding effect by ~deformation is expected between 1550 and 1485 cfor

recalculating the passiven (— 1)-electron part with the core protonated amines (see Table 2). In our FT-IR Raman spectra
hole vacancy and the optical orbital occupancy. The more Of I, Il, andV, weak features at-3300-3100 cn* are
accurately shielded passive ( 1)-electron part is used in  attributed to N-H stretching’® These are barely visible due to
subsequent IVO calculations. This process is repeated for eactfhe proximity of strong € H stretching bands expected between
core excited state, with the shallower optical orbitals frozen to 3035 and 2845 cnt. Nevertheless, the presence of thH3"
maintain orthogonality. For simplicity, we refer to this as “SR- group is unambiguously confirmed by taésenceof features
IVO”, for the shielding-refined IVO approach. This method was above 3280 cm' associated with the NHgroup and the
used by Kosugi et al. to remove spurious Rydberglence presence of weak but well-defined peaks at 1513, 1495, and
mixing in the C 18—~ o*c_¢ transitior?® and has been described 1506 cn1?, which we assign as symmetric-N deformation

in more detail elsewher®:4! bands.
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TABLE 2: Vibrational Energies and Assignments for the FT-IR Raman Spectra of -V

FT-IR Raman band positién

function Il 1} \ \% literature assignmeht
—NH, 3376 vw 3364 br 338033502 asymN-Hwv
3292w 3303w 331632802 sym N—-Hv
—NH;* 3145 vw 3160 w 3220 sh 3306@B100°  asym N-Huv
VW VW 3090 sh 31063000 sym N—Hv
—XH,— 3006 m 3000 m 2998 w 2921s 2955 s 362990  asym C-H v in amino acid
2936-2916¥  asym C-H v in alkane
2971 vs 2966 vs 2950 m 2855 vs 2908 s 2989303 sym C—H v in amine acidsym €H v in alkane
2863-2843%
—CH-— 2889 s 2872's 29002880 C-H v in polymer only
—COOH 1737 s 175017409 C=0v
—NH> 1620 w 1599 w 16561590 NH 6
—NHz" 1634 w 1599 w 1597 b 16601610°  asym NH™ 6 in amino acid (rarely seen)
1610-1590°°  asym NH' ¢ in amino acid hydrochloride
1625-1560'*  asym NH* § in protonated amine
1513w 1495w 1506 w 15501485°  sym NH;* 6 in amino acid (rarely seen)
1550-1483°  sym NH™ 6 in amino acid hydrochloride
1550-1508%  sym NH™ 0 in protonated amine
—COO 1567 m 1572 m 16051555 asymv
1410 m 1411 s 14251393% symv

a Strength of the features: sh shoulder, vw= very weak, w= weak, m= medium, s= strong, vs= very strong, br= broad.? Character of
the features: asymr asymmetric, syn= symmetric,v = stretching,0 = deformation.

TABLE 3: Energies and Assignment for the N 1s Spectra of
Glycine, Glycine Hydrochloride, Glycine Sodium Salt,
Poly(allylamine), and Poly(allylamine hydrochloride)
amine energy
compd group (eV) assignment
) I —NHs*  406.8 N 1s— 0*(n—c), N 15— 0% (n—1)
41Z shake-up and/oro*-like resonances
1] —NH3"  406.5 N 1s— 0*(n-c), N 1s— 0% (n-h)
420 shake-up and/oro*-like resonances
an \Y —NHz*  406.G N 1s— 0*(n—c), N 15— 0* (n—h)
418 shake-up and/oro*-like resonances
1] —NH,  402.8 N 15— 0* (n—t)
406.3 N 1s— o* (n—c)
413 and 416 shake-upand/oro*-like resonances
W v —NH, 398.7 N 1s— 7* (n=c or c=c) S@Mple damage
due to X-ray exposure
402.% N 15— 0* (v—H)
(1), 406.2 N 1s— 0* (n—c)
415 shake-up and/oro*-like resonances
aPeak.P Shoulder. Broad featured Based on the literature assign-
1\%) ment.® Based on our results from ab initio calculations.
The origin of these transitions will be described in more detail

below. As well, the spectrum d¥ shows a very weak feature

at 398.7 eV that is attributed to radiation damage, despite our
attempts to minimize the radiation exposure. In all spectra,
broad, weak features can also be observed between 412 and
422 eV. These have been assigned previously to shake-up
features’

By comparison to the FT-IR Raman spectra, species that have
the unprotonated amine group-l{H,) (Il and V) show a

400 405 410 415 420 425 430
Energy (eV)

Figure 2. Nitrogen 1s NEXAFS spectra ¢f-V on an optical density
scale. The spectra have been offset by a constant for clarity.

These results validate our comparison of the nitrogen 1s
NEXAFS spectra of well-defined models for the unprotonated
amine group £NHy) (Il and V) and the protonated amine e : \ '
group NHzH) (1, I, andV). distinct low-energy band, while species with the protonated

4.2. NEXAFS Spectra.The nitrogen 1s NEXAFS spectra  amine grouptNHz") (I, Il , andV) lack this distinct low-energy
of I-V are presented in Figure 2. Energies and assignmentsPand. Nitrogen 1s spectra are strongly influenced by the
are presented in Table 3. protonation of amine groups.

All five spectra are dominated by a strong feature~dD6 4.3. Ab Initio Calculations. Simulated nitrogen 1s NEXAFS
eV, with weaker lower energy shoulders-a403 eV inlll and spectra from ab initio calculations of methylamine and methy-
IV. The strongest feature appears at slightly higher energieslamine hydrochloride are presented in Figure 3 for the isolated
for amino acidsl, Il, andlll (406.8, 406.5, and 406.3 eV, molecules and in Figure 4 for the molecular clusters. Calculated
respectively) relative to polymeily andV (406.2 and 406.0 ionization potentials, transition energies, term values, oscillator
eV). This strong feature is traditionally assigned as a nitrogen strengths, and orbital size and character are presented in Tables
1s— o* transition associated with NH and N-C bonding® 4 and 5 for methylamine (isolated molecule and cluster) and in

The nitrogen 1s spectra of thaNH, modelslil andlV show Tables 6 and 7 for methylamine hydrochloride (isolated
distinct low-energy features at 402.5 and 402.3 eV, respectively. molecule and cluster). Methylamine is a model for thH,
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400 405 410 415 420 425 430

i i " ' ' LUMO + 8) have d character. The last two transitions presented
Isolated Molecule Calculation in Table 4 (to LUMO+ 9 and LUMO + 10) have valence
Methylamine character with oscillator strength values greater than 0.001 and
large AEs_t values. These features are assigned as N 1s
transitions to states af* n—cy and o* (—ny valence character.
The first two transitions in isolated methylamine hydrochlo-
ride have even greater valence character (Table 6), Al 1
values of 0.508 and 0.412 eV for the first and second transitions
Methylamine in the SR-IVO calculations. In this instance, the valence
hydrochloride character scales with the number of-N bonds to the core-
excited nitrogen atom; methylamine hydrochloride has three
N—H bonds compared to two-NH bonds in methylamine. The
scaling of valence character with the number ofKC bonds
: , s , was observed in the carbon 1s spectra of small alkane
400 405 410 415 420 425 430 molecules’® This increase in valence character is observed as
Energy (cV) well for the next 10 transitions to LUM@- 2 to LUMO + 11,
Figure 3. Simulated nitrogen 1s spectra of isolated methylamine and as indicated by the slightly larger values of the oscillator strength
methylamine hydrochloride molecules as predicted by ab initio IvO a@nNdAEs-t (Table 6).
calculations. The IVO and SR-IVO calculations of the isolated molecule
and the molecular clusters are compared to examine spectro-
scopic changes associated with Rydberg quenching in the solid
state. The IVO and SR-IVO calculations of the methylamine
cluster (Table 5) show a strong blue shift relative to the isolated
molecule calculations (Table 4) (2.063 eV for the first transition,
1.033 eV for the second transition in the SR-IVO calculations).
This blue shift is consistent with previous observations for
Rydberg orbitals during the condensation of alkai®dn. VO
and SR-IVO cluster calculations of methylamine (Table 5), the
valence character of the first transition increases relative to that
of the isolated methylamine (Table 4), as shown by the decrease
Methylamine in orbital size and a substantial increase\iBs-t energy. This
hydrochloride is consistent with the quenching of Rydberg character in the
solid state’® However, the valence character of the second
transition (LUMO+ 1) decreases substantially in the SR-IVO
calculation relative to the IVO calculation. This transition is
predominantly Rydberg and has strong p character with greater
density in thez direction. The—NH, geometry cannot support
Eergy (&V) o* valence charactgr normal to thg plane._ We expect greater
Rydberg character in theNH; group than in the-NH3; group,
Figure 4. Simulated nit_rogen 1s spectra o_f methylamin_e _e_md the \which can support Rydbergralence mixing in all Cartesian
g?é:}’;%rgr'g? hydrochloride cluster as predicted by ab initio IVO  ietions (see the Supporting Information for drawings of the
relevant molecular orbitals).
group, while methylamine hydrochloride is a model for the ~ Omitting the vanishingly weak LUMO in the SR-IVO
—NHs" group. Only the first two bound transitions with ~calculations of the methylamine hydrochloride cluster, we
appreciable oscillator strength are shown, as these are the mos@bserve a blue shift of the first two transitions (LUM® 1
relevant for the differences between the spectra of—tm-{z and LUMO+ 2) in the cluster relative to the first two transitions
and —NH3z* groups. (LUMO and LUMO + 1) in the isolated molecule (shift of 1.779
The first transition in the IVO calculation of isolated €V for the first transition and 1.472 eV for the second transition).
methylamine shows significant valence character on account | "€ valence character increases in the cluster, as indicated by
of the relatively largeAEs + value (0.222 eV); this increases (€ decrease in the orbital radius (3.075 A for LUMOL and
to 0.284 eV in the SR-IVO calculation. In comparison to gas- 2830 A for LUMO + 2) and the increase iAEs-t values
phase carbon 1s NEXAFS spectra of small alkanes, this obtamed from SR-IVO calculatlons.of Fhe methylamlpe hydrg-
transition has significant valence charaderThe second chloride cluster (Table 7). These findings are consistent with
transition in methylamine has higher Rydberg character, on the expected attenuation of Rydberg character in the condensed
account of the smalleAEs 1 value (0.096 eV; 0.120 eV in  State, following 'Fhe trend observed above_ for methylamlne.. T_he
SR-IVO) and larger radius (3.963 A; 3.883 A for the SR-IvO SR-IVO calculations are expected to provide a better description
calculation). The first transition has greater s character, while Of the Rydberg-valence mixing in the condensed-state spectra.
the second transition has greater p character. The following On the basis of these calculations, the broad features observed
seven bound transitions (to LUM@ 2, + 3, ..., + 8) have between 10 and 15 eV above the ionization potential of isolated
predominant Rydberg character as indicated by small oscillatorand condensed methylamine and isolated methylamine hydro-
strengths and smalEs_t values (IVO calculation only). Note  chloride can be assigned to higher energy N—tso*-like
also that while both LUMO+ 2 and LUMO + 3 have p transitions, although these have also been assigned previously
character, the following five orbitals (LUMO+ 4 to to shake-up features.
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TABLE 4: lonization Potentials, Transition Energies, Term Values, Oscillator Strengths, Orbital Size, SingletTriplet Energy
Separation, and Orbital Character for Selected Transitions in the N 1s NEXAFS Spectrum of Isolated Methylamine Calculated
by IVO Calculations and Shielding-Refined IVO Calculations

IVO calculations shielding-refined IVO calculatidns character (%)
P energy TV?2 oscillator size AEst IP energy TV2 oscillator size AEst
MO (ev) ev) (ev) strength (R) (V) (eV) (ev) (ev) strength (&) (V) s p d
LUMO 404.753 401.126 3.627 0.0017682 3.320 0.222 404.918 401.048 3.870 0.0020710 3.250 0.284 82 16 2
LUMO +1 404.753 402.192 2.561 0.0029327 3.963 0.096 404.821 402.176 2.645 0.0037434 3.883 0.120 23 74 3
LUMO +2 404.753 402.408 2.345 0.0000391 4.009 0.017 10 88 2
LUMO +3 404.753 402.571 2.182 0.0003133 4.263 0.017 10 86 4
LUMO +4 404.753 403.485 1.268 0.0003398 4.175 0.043 2 5 93
LUMO +5 404.753 403.538 1.215 0.0008755 4.166 0.028 6 11 83
LUMO +6 404.753 403.61 1.143 0.0002216 4.225 0.016 2 6 92
LUMO +7 404.753 403.706 1.047 0.0002638 4.268 0.012 0o 3 97
LUMO +8 404.753 403.808 0.945 0.0004127 4.383 0.025 1 8 91
LUMO +9 404.753 404.421 0.332 0.0015470 4.579 0.193 24 66 10
LUMO + 10 404.753 404.718 0.035 0.0052594 4.517 0.149 21 67 12

aTerm value= ionization potential- transition energy® Shielding-refined IVO calculations performed for first two excited states only.

TABLE 5: lonization Potentials, Transition Energies, Term Values, Oscillator Strengths, Orbital Size, Singlet Triplet Energy
Separation, and Orbital Character for Selected Transitions in the N 1s NEXAFS Spectrum of the Methylamine Cluster
Calculated by IVO Calculations and Shielding-Refined IVO Calculations

IVO calculations shielding-refined IVO calculations character (%)
IP energy TV? oscillator size AEst IP energy TV2 oscillator size AEs-t
MO (eVv) (ev) (ev) strength (A (ev) (eV) (ev) (ev) strength (A (ev) s p d

LUMO 404.076 403.452 0.624 0.0005872 3.311 0.216 404.810 403.111 1.699 0.0012626 2.593 0.497 65 33 2
LUMO +1 404.076 403.639 0.437 0.0001729 3.809 0.118 404.597 403.209 1.388 0.0003898 3.696 0.049 4 95 1

aTerm value= ionization potential- transition energy.
TABLE 6: lonization Potentials, Transition Energies, Term Values, Oscillator Strengths, Orbital Size, Singlet Triplet Energy

Separation, and Orbital Character for Selected Transitions in the N 1s NEXAFS Spectrum of Isolated Methylamine
Hydrochloride Calculated by IVO Calculations and Shielding-Refined IVO Calculations

IVO calculations shielding-refined IVO calculatidns character (%)
P energy TV? oscillator size AEst P energy TV? oscillator size AEst
MO (eV) (eV) (eV) strength (&) (eV) (eV) (ev) (eV) strength (A (V) s p d
LUMO 410.270 405.025 5.246 0.0047320 3.474 0.379 410.793 404.727 6.066 0.0059997 3.344 0508 80 19 1
LUMO +1 410.270 406.378 3.892 0.0089334 3.533 0.280 410.836 406.091 4.745 0.0123836 3.062 0.412 64 27 9
LUMO +2 410.270 407.102 3.168 0.0001517 4.433 0.062 5 8 9
LUMO +3 410.270 407.470 2.800 0.0004004 4.250 0.053 15 56 29
LUMO +4 410.270 408.346 1.924 0.0013863 4.215 0.122 13 21 66
LUMO +5 410.270 408.519 1.751 0.0025574 4.488 0.110 21 33 46
LUMO +6 410.270 408.758 1.512 0.0053779 3.682 0.179 43 12 45
LUMO +7 410.270 408.880 1.390 0.0013608 4.773 0.095 25 40 35
LUMO +8 410.270 409.341 0.929 0.0011275 4.367 0.116 21 36 43
LUMO +9 410.270 409.435 0.835 0.0011868 4.613 0.028 8 43 49
LUMO + 10 410.270 409.777 0.493 0.0039430 3.774 0.192 28 35 37
LUMO + 11 410.270 409.939 0.331 0.0011540 4.733 0.059 0 71 29

aTerm value= ionization potential- transition energy? Shielding-refined calculations performed for first two excited states only.

TABLE 7: lonization Potentials, Transition Energies, Term Values, Oscillator Strengths, Orbital Size, Singlet Triplet Energy
Separation, and Orbital Character for Selected Transitions in the N 1s NEXAFS Spectrum of the Methylamine Hydrochloride
Cluster Calculated by IVO Calculations and Shielding-Refined IVO Calculations

IVO calculations shielding-refined VO calculations character (%)
1P energy TV2 oscillator size AEst 1P energy TV?2 oscillator size AEst
MO (eV) (ev) (ev) strength (&) (ev) (eV) (ev) (ev) strength (&) (ev) s p d

LUMO 407.794 405.157 2.637 0.0000106 5.521 0.001 408.086 404.876 3.210 0.0000106 5.513 0.001 28 51 21
LUMO +1 407.794 406.836 0.958 0.0004109 4.022 0.268 408.657 406.506 2.151 0.0014752 3.075 0.566 46 46 8
LUMO +2 407.794 407.595 0.199 0.0003883 4.500 0.173 409.031 407.563 1.468 0.0115804 2.830 0.472 25 68 7

aTerm value= ionization potential- transition energy.

5. Discussion these inconsistencies. FT-IR Raman spectra, recorded on
samples prepared in similar conditions, have been used to

Clear differences can be observed in the nitrogen 1s Spectrayatermine the chemical state of the amine group

of species that contain the amine groupNH,) relative to

species containing the protonated amine grouiNKis™). Early NEXAFS spectra of methylamine in the gas ptéaée
Specifically, a distinct low-energy band can be observed in show intense and narrow spectral features below the nitrogen
species containing the NH, group. 1s edge. These features have been assigned to nitrogen 1s

As the NEXAFS spectra of amino acids can be notoriously Rydberg transitions, mixed with statesafy—n) character. The
inconsistent, our experiment has been designed to minimizedominant Rydberg character is reasonable for gas-phase spectra;
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however, we expect that Rydberg character will be quenched antibonding orbital involving thex-carbon, the nitrogen, and
in condensed speciés?® In a comparison of gaseous and probably a sodium atom. This contrasts with our interpretation
condensed glycine by Gordon et &lkhis change in Rydberg  of a Rydberg contribution to this pre-edge feature. As well, the
character can be observed. Specifically, the nitrogen 1s spectrumassignment of an antibonding orbital delocalized onto sodium
of glycine in the gas phase shows a well-resolved, intense peakcould not be extended to assign the similar pre-edge feature in
at 402.5 eV and a shoulder at 401.3 eV, while no pre-edge our poly(allylamine) spectrum, which lacks the sodium cation.
structure was observed in the spectra of a condensed glycineThe poly(allylamine) spectra can be assigned within our
sample. Consequently, both low-energy transitions in gaseousRydberg-valence mixing model, arising from structural dif-
glycine were assigned as nitrogen-*s3s and 3p transitions. ferences £ NH; vs —NH3™).
However, this interpretation does not take into account the Our ab initio calculations of the methylamine cluster repro-
difference in amine structure-NH,) for the gas-phase glycine  duce the weaker, low-energy feature in the N 1s spectrum for
and the expected-NH3" for condensed glycine. In our data, the —NH, group. This shoulder is associated with N 4s
low-energy transitions are observed in our condensed-phases* —y) and N 1s— 3p, out-of-plane Rydberg transitions
spectra of amine<{NHy) groups. Therefore, we propose that characteristic of the—NH, group. Additional features are
both Rydberg quenching in the condensed phase and chemicabbserved in the simulated N 1s spectra of isolated methylamine,
differences {NH versus —NH3") are responsible for the  predominantly associated with Rydberg transitions. The two
spectroscopic differences observed by Gordon et al. lowest energy unoccupied molecular orbitals associated with
In the study of soft X-ray-induced decomposition of amino these features show a decrease in Rydberg character in the
acids in the solid phase, Zubavichus ef-#.observed upon cluster, accompanied by a shift toward higher energy. This is
prolonged exposure to X-rays the appearance of well-resolvedconsistent with experimental observations made for gas-phase
features between 398 and 401 eV assigned to nitrogerr 1s  and solid-state samples of amino ai@gmd alkanes! The
* (c=n,c=n) transitions. The formation of unsaturated bonds assignment of our isolated methylamine simulated N 1s NEX-
(e.g., G=N and G=N) in molecules and polymers is a common AFS spectrum is consistent with the assignments of Gordon et
consequence of X-ray exposi#fdt is interesting to notice that  al.3 of their glycine simulated N 1s NEXAFS spectrum.
these peaks appear at lower energy than the features that we The simulated N 1s spectrum of isolated methylamine
observe in our spectra dfl (402.5 eV) andV (402.3 eV), hydrochloride shows well-pronounced low-energy features, but
supporting, at least, that the low-energy features in-oNH- these features are absent in the simulated N 1s spectrum of the
containing species are not due to damage. Additionally, the methylamine hydrochloride cluster. Our ab initio calculations
shape of the structures associated with radiation damageof the isolated molecule and the cluster show a rather weak
observed after short exposure resembles more the shape of th®ydberg character for both the LUMO and the LUMP 1
structure observed at 398.7 eV in our spectrd\of On the due to greater valence character of the protonatsléis™ amine
basis of experimental and literatd#é>*’ arguments, we as-  group. Upon condensation, both the LUMO and LUMO1
signed the 398.7 eV peak to X-ray-damage-related transitions.shift to higher energy and overlap with the broad feature above
The low-energy structure we deem characteristic of the 406 eV. This is consistent with the study of ammonia and

unprotonated amine group-NH,) was not observed in the = Mmethylamines by Sodhi et & Here, large substituents bonded

nitrogen 1s spectrum of betaine hydrochloride of Vairavamurthy t0 the nitrogen atom disrupt Rydberg transitions in the N 1s
et al#” This is consistent with our results. NEXAFS spectrum, arintramolecular effect. In condensed

Messer et at4 examined the pH dependence of the NEXAFS methylamine hydrochloride (and condensed amino acid zwit-

spectra of aqueous glycine solutions and observed the Sar,m;}enons), the attenuation of Rydberg transitions arises from

difference between nitrogen 1s spectra of neutral and protonatedmermo"mIar effeqts, _where the presence Qf neighb_oring
amines. At a pH of 12, glycine is expected to be deprotonated molecules in the solid disrupts the Rydberg orbitals, leading to

(H.N—CH,—COO") and discrete low-energy features are eIl attenuation and a blue shit.
observed below the main transition in its spectrum. At a pH of

6 and a pH of 1, the protonated forms of glycineiH—CH,— 6. Conclusions
COO" and HN*—~CH,—~COOH, respectively) dominate and no On the basis of our experimental studies, we conclude that
low-energy feature is observed. condensed molecules that contain the unprotonated amine group

In agreement with the former literature, Messer et%al. (—NH,) show a distinct low-energy band at 402802.5 eV
assigned the low-energy shoulders observed at pH 12 to Rydbergn their N 1s NEXAFS spectra, while species with the protonated
transitions and suggest that the change in hydrogen bondingamine group£NHz") lack this feature. Our experimental results
around the nitrogen atom upon protonation is responsible for are validated by FT-IR Raman measurements that confirm the
the absence of these features at pH 6 and 1. This nitrogen-chemical stateNH, versus—NHs*) of our amino acid and
charge-controlled study performed in solution supports our polymer samples. These low-energy NEXAFS features char-
conclusion that Rydberg quenching is not solely responsible for acteristic of the—NH, group are distinguishable from low-
the absence of resonance structure below the main transition inenergy features associated with radiation damage.
the N 1s NEXAFS spectra of condensed glycine. Ab initio calculations performed ortlusters of model

While we were finalizing this paper, Zubavichus et'&al.  molecules confirm the presence of this low-energy shoulder for
published a study on solid-state NEXAFS of glycine, glycine the amine group{NH>) and the absence of this feature for the
hydrochloride, and glycine sodium salt. The authors report the protonated amine group-(NHs™). Our calculations show that
presence of a strong feature at 406.4 eV in the spectra of glycinethere is greater valence character for the protonated amine group
and glycine hydrochloride (e.g., species with anaNigroup) (—NH3") than the amine group—NH). The degree of
and two pre-edge features at 398.6 eV (weak) and 402.4 eV Rydberg-valence mixing scales with the number of-N
(strong) below the main transition observed at 405.6 eV for bonds. Simply, in NH", there is more N-H valence character
glycine sodium salt (e.g., species with amNH, group). The to mix with. A comparison of isolated molecule and cluster
authors assigned the pre-edge features to a transition to arcalculations shows that Rydberg character is largely quenched
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in the solid state and that these transitions are blue shifted.

However, the—NH, group retains some 3Rydberg character
in the condensed state, oriented normal to-tidH, plane. In
this orientation, Rydbergvalence mixing is not possible, and

Otero and Urquhart

(13) Zubavichus, Y.; Zharnikov, M.; Shaporenko, A.; Fuchs, O,
Weinhardt, L.; Heske, C.; Umbach, E.; Denlinger, J. D.; Grunze JM.
Phys. Chem. 2004 108 4557.

(14) Messer, B. M.; Cappa, C. D.; Smith, J. D.; Wilson, K. R.; Gilles,
M. K.; Cohen, R. C.; Saykally, R. J. Phys. Chem. B005 109, 5375.

the state retains Rydberg character. In summary, the character- (15) Kaneko, F.; Tanaka, M.; Narita, S.; Kitada, T.; Matsui, T;

istic spectroscopic differences between tHeH, and —NHz*
groups arise from differences in Rydbengalence mixing. In

Nakagawa, K.; Agui, A.; Fuijii, K.; Yokoya, Al. Electron Spectrosc. Relat.
Phenom2005 144-147, 291.
(16) Zubavichus, Y.; Shaporenko, A.; Grunze, M.; Zharnikov, M.
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character is partially quenched.
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