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Abstract: We report the first measurements of the activation barrier for ground state-t@snsomerization of
secondary amides. We measured activation barrier&,0f 13.8 £ 0.8 kcal/mol for agueous solutions of
N-methylacetamide (NMA) ané, = 11.0+ 0.7 kcal/mol for glycylglycine (Gly-Gly). These activation barriers

were determined from the temperature dependence of the ground state isomerization rates, which were measured by
using UV resonance Raman to monitor the relative populations of the cis and trans amides as the sample solutions
were translated through a 206.5 nm CW laser beam. Photon absorption causes the normally trans form to isomerize
to the cis form. We developed a photochemical model to relate the measured relative Raman intensities to the
ground state isomerization rates. We also measured the photochemical isomerization quantum yields, the yields for
photochemical degradation, and the cis and trans Raman cross sections and their molar absorptivities. We also
measured the temperature dependence of the cis and trans Raman intensities to determine the Gibbs free energy gap
between the ground state cis and trans forms of NMA @.6.4 kcal/mol) and Gly-Gly (3.1 0.5 kcal/mol).

Introduction concentrations of the cis form because the cis-form Gibbs free

The importance of the amide functional group as a chemical energy 1s S|gn|f|cantl_y a_bove that of the Frans_form. T_he
experimental determination of these barriers is especially

covalent linkage is amply demonstrated by the fact that the : ;
amide peptide bond is the fundamental linkage in peptides angimportant because these parameters are required for the accurate

proteins. The geometric constraints imposed by amide Iinkages,gmlecu_Iar Eodelmg ?hf rtiﬁptldetjs ?nd protek:n sttrl(chtture _ar_1d
such as the enforced amide planarity, define the conformational ynamics. Fowever, the theoretical approaches (o determining
freedom of motion for many small molecules as well as for these barriers in water are challenged to the point of unreliability.

peptides and proteins. Numerous previous experimental studies N this work we report the development of a new technique
investigated the geometric constraints of the amide linkage, and!® diréctly measure the activation barriers to ground state
recently, numerous theoretical studies examined the torsionallSOmerization of the secondary amidésmethylacetamide
barriers to rotation about the C(GN amide bond: 2 All (NMA) a”‘?' glycylglycmg (GI_y-GIy)._ Th_|s method utilizes the
previous direct measurements of the activation barrier to rotation rans to cis photochemical |somer2€at|onstr§nsNMA and
about this amide borid were limited to tertiary amides and ~ Cly-GlY to populate the cis form§:1® We utilize resonance
methylformamidé 6 because the previously available methods @man spectroscopy to kinetically monitor the relative concen-
required significant concentrations of the cis amide form. These {rations of the cis and trans forms in order to determine the

studies found barriers which varied from 10 to 27 kcal/mol.  9round state isomerization rates. Measurements of the tem-
The most interesting amide torsional barriers occur in perature dependences of these rates directly determine the
activation barriers. The room temperature isomerization rates

secondary amides, which have similar bonding and structure to
are slow (ca. 2.378 for NMA).

the peptide bonds. Unfortunately, these amides show very small
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T Present address: Section on Metabolic Analysis and Mass Spectrometry,ysed as received. The aqueous solution samples were prepared at
NICrI]-iD(,jNationaélolggtzitute of Health, 10 Center Drive, MSC 1580, 6C208, gncentrations of 57 mM in the presence of 0.5 M NaCl@sed as
Bethesda, MD .
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Thermocouples monitored the cell temperature, which was constant Reaction Coordinate

within £1.5 K. Figure 2. Three-state kinetic model which describes the isomerization
The 206.5 nm CW excitation was obtained from an intracavity dynamics of amides through photochemistry and ground state isomer-

frequency-doubled Krlaser!® This CW 206.5 nm excitation was used ization. Irreversible photochemical degradation through the excited

for the flowing kinetic studies, which were used to determine the ground state is also included.

state cis to trans isomerization rates and to determine the photodegra-

dation quantum yields. The 208 nm 15 ns pulsed excitation, that was

NMA -
used to determine the photoisomerization quantum yields and the cis A 22065 — 17.5mm/s gl{z(;lgs“m — 21.3mm/s
amide absorption cross sections, was obtained from a frequency-doubled | “e=400-SmM 0.8mm/s e e (0.8mM/S
Lambda Physik 2000 dye laser which ugelis(o-methylstyryl)benzene 22°C o difference ol difference

dye. The dye laser was pumped by a 308 nm Lambda Physik Model
EMG103 excimer laser operated at 100 Hz with a ca. 16 ns pulse
width.2° The laser power was attenuated by neutral density filters. The
scattered light was dispersed by a Spex-1877B Triplemate spectrometer
using an 1800 gr/mm grating, and the photons were detected by an
Princeton Instruments intensified CCD detector.

We used a classical thermal diffusion mddeb calculate the likely
sample temperature increases which result from the incident tightly
focused laser beam excitation. We calculate that less th& K
temperature increase occurs. This conclusion is supported by the fact
that we did not observe any laser power dependent frequency shifts in
the trans amide Il and Ill bands which are well-known to occur with
sample temperature chandés.

The error in our calculations of ground state isomerization barriers L :
result from the spectral signahoise ratios, errors in our spectral peak 1500 1000
deconvolutions, laser power fluctuations, errors in measurements of . -1
the laser beam size, errors derived from our assumptions of a Gaussian Raman Shift/(cm™)
band shape, and errors which result from sample temperature fluctua-Figure 3. UV Raman spectra (206.5 nm excitation) dfmethylac-
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tions. We estimate that the error in the measured ground state cis
trans coversion rat&, is about 15%; however, the standard error for
the regression is much less. We quote error limitstdf standard
deviation.

Results and Discussion

We determined the ground state trans to cis isomerization
kinetics by measuring the 206 nm resonance Raman spectra o

spinning samples of NMA and Gly-Gly; absorption of light
transfers staterans andciss-NMA or Gly-Gly into their excited

states (Figure 2). Ultrafast relaxation transfers these excited
molecules back into their trans or cis ground states. The net

quantum yield for cis formation is sufficiently high that
photoisomerization increases the cis concentration and decreas

ground state surface; isomerization may occur withinsth#
state or within a different intermediate excited state. The

photoisomerization mechanism could also be thermal and occur
on the ground state surface due to absorption of these high-

energy UV photons, which heat the molecule and transiently
populate high ground state vibrational levels.
The cis and trans ground states of NMA and Gly-Gly show

distinctly different, easily resolved Raman bands. As discussed
in the Appendix we can determine the ground state isomerization

rates by translating the illuminated sample volume through the
206.5 nm CW excitation beam at different speeds. We

(19) Holtz, J. S. W.; Bormett, R. W.; Chi, Z.; Cho, N.; Chen, X. G;
Pajcini, V.; Asher, S. A.; Spinelli, L.; Owen, P.; Arrigoni, MAppl.
Spectrosc1996 50, 1459.

(20) Cho, N.; Asher, A. SBiospectroscopyt99§ 2, 71.

(21) Li, P.; Champion, P. MBiophys J. 1994 66, 430.

etamide (NMA) and glycylglycine (Gly-Gly) at room temperature at
fast and slow sample translation speeds. The band at 932isfinom

the NaClQ (0.5 M) used as an internal intensity standard. The
difference spectra are also shown.

determine the ground state isomerization activation barriers by
easuring the temperature dependence of these ground state
somerization rates.

Resonance Raman SpectraFigure 3 shows the 206.5 nm
CW room temperature resonance Raman spectra of aqueous
NMA and Gly-Gly at fast and slow sample translation speeds
and their difference spectra. The 932 ¢nband derives from
the perchlorate internal standard, while the bands at ca. 1580

e 1 :
the trans concentration. We do not know, as yet, whether the gnd 1300 cm* and the shoulder at 1650 cthderive from the

photochemical isomerization occurs on an excited state or

amide Il and Il and the amide | bands of the trans forms of
NMA and Gly-Gly22 The 1380 cm? transNMA band derives
from the symmetric methyl bending vibration, while the ca. 1400
cm~1 band oftrans-Gly-Gly derives mainly from the symmetric
COO stretch, which overlaps the 8, symmetric bending
vibration??

Photon absorption by the dominantly trans ground state results
in photoisomerization to the cis form. The ca. 1490 ¢fmands
which appear at low sample translation rates derive from the
cis amide Il bands of NMA and Gly-Gly. The slow sample
translation speed spectra show decreased trans amide bands
intensities, while the cis amide Il band intensities increase. The
cis amide Il band intensity increases shown by NMA and Gly-
Gly at 1496 and 1487 cm are larger than the trans amide I
and Il band intensity decreases, due to the known larger Raman
cross sections of theisNMA amide 1l bands due to the red-
shifted cism — z* electronic transitior”



1118 J. Am. Chem. Soc., Vol. 119, No. 5, 1997 Li et al.

-1 0.04
12l ¢: Gly-Gly, AG=3.1kcal/mole
“1 o  =:NMA, AG=2.6kcalimole Ae=208nm
’% -1.44 0.03 [ ]
=
= .16
=
£ -8t
L 0.02
21 7
-2.2 t f -+ t =
0.003 0.0032 0.0034 0.01 m:NMA, R =0.003, R =0.12

UT (K1)

Figure 4. Natural log of the ratio of the cis amide Il to the trans amide
I band Raman intensities as functions oT 1/The solid lines are the
best linear least-square fit whose slope give the Gibbs free energy gap 0 5 10 15 20 25 3
between the cis and trans amide forms.

® Gly-Gly, R,=0.022, R =0.075

Pulse Energy (1J)
Cis-Form Raman Cross Sections. We determined the

Raman cross sections d&-NMA and cis-Gly-Gly in two ways.
The most direct and accurate way was by ratioing the decrease(ﬁ
trans amide Il and Ill band intensities to the increased cis amide

Il 'band intensity, since we determined that the degradation regyts are close to previous theorefi®af and experimentat
quantum yield was small (vide infra). This yields 206.5 nm yeterminations.

Figure 5. Concentration of the cis form as a function of pulse laser
nergy for NMA and Gly-Gly at 208 nm. The solid curves are the
est fit to eq A.3, where we approximateandK' = 0.

Raman cross sections of (480.1 b/(molecule sr) focis-NMA Photoisomerization Quantum Yields. Figure 5 shows the
and 4.6+ 0.7 b/(molecule sr) fotis-Gly-Gly. These cis Raman dependence of the concentrationcENMA and Gly-Gly as
cross sections are 11- and 21-fold larger than thoséréors: a function of the 208 nm pulse excitation energy. The cis

NMA (0.07 + 0.01 b/(molecule sr)) and Gly-Gly (0.220.03 concentrations were determined from the Raman scattering
b/(molecule sr)f* respectively. The Raman cross section of iptensities of the 1492 and 1487 cincis amide Il bands of
Gly-Gly is larger than that of NMA due to the additional NMA and Gly-Gly. The solid curves are fits to the temporally
resonance enhancement from the Gly-Gly carboxylate to amide g spacially integrated forms of eq A.3 in the Appendix. We
charge transfet? calculate a cis formation quantum yield Bf = 0.12 £+ 0.02

A less accurate approach uses measurements of the tempelyr NMA and R. = 0.075+ 0.01 for Gly-Gly. The NMAR,
ature dependence of the cis amide || Raman intensities. Theclosely agrees with our previous measurement for 218 nm

cis—trans population ratio is excitationl?
cis) cis We assume a Gaussian laser intensity temporal profile with
Neis _ o = exp(AG/RT) @ a value ofo = 16 ns, and we measured an approximately
Nirans |gans/agans Gaussian spatial intensity distribution with= 45 + 2 um.

1

T

_AG
R

We assume here th# = K' = 0, because they are at least
where|2® and 112" are Raman scattering intensities from cis 100-fold smaller thark_andk.' for the excitation fluxes used
and trans forms andg® ando!@™are Raman cross sections of Nere. We calculateli, andk. values from the incident laser
cis and trans forms. Equation 1 can be rewritten as flux value and the trans and cis molar absorptivities.
We measured 206.5 nm molar absorptivities of (t.0.05)
|cRis GcRis x 10° Mt cm™! for transNMA and (3.34 0.1) x 108 M1
In =In 2 cm! for transGly-Gly. The power dependence of thes-
I o™ NMA concentration is also governed by the ratiokpfto k..

From the fits in Figure 5, we found that the ratio of cis excitation
and we can extract the ratio of the Raman cross sections of theto trans excitation is 1.8 for NMA and 2.2 for Gly-Gly, from
cis and trans forms from the intercept of thel fillx*"™) vs 1T which we estimate 206.5 nm molar absorptivities of (2.0.2)
plot, given that we have measured the cross sections of the trans< 108 M~ cm~ for cissNMA and (7.14 0.8) x 1 M~1cm?
species. This approach gives similar values but with larger error for cis-Gly-Gly. The molar absorptivity otis-NMA agrees
limits. very well to that we estimated from the temperature dependence

Cis and Trans Form Ground State Energy Difference. of the absorption spectrirh(2.1 x 102 M~ cm* at 206.5
We can directly determine the Gibbs free energy difference nm).
between the ground state cis and trans forms by examining the Photochemical Degradation Quantum Yields. We deter-
temperature dependence of the relative cis and trans Ramarmined the photodegradation quantum yiels by monitoring
intensities at low excitation fluxes. Figure 4 plots the natural both the absorption and the 206.5 nm Raman spectral bleaching
log of the ratio of the cis to trans amide Il intensities versus of NMA after extensive illumination by 2.0 mw 206 nm
1/T for NMA and Gly-Gly. The solid lines are the linear least- radiation. Each NMA molecule absorbed an average of 21
squares best fits, whose slope A®G/R. AG = 2.6+ 0.4 kcal/ photons. We obtain similar photodecomposition quantum yields
mol for NMA, andAG = 3.1+ 0.5 kcal/mol for Gly-Gly; these  of 0.0027+ 0.0003 for NMA from the absorption and Raman

(22) (a) Chen. X. G.. Li, P.; Holtz, J. S. W.. Chi. Z.. Pajcini, V.- Asher, spectra. The difference absorption spectrum shows a W(_aak new
S. A.; Kelly, L. A. J. Am Chem Soc 1996 118 9705. (b) Asher, S. A.; absorption band at 215 nm from a photoproduct while the
Chi, Z.; Li, P.J. Am. Chem. Sod.997 submitted. (c) Holtz, J. S. Private Raman spectrum shows a band @ 1375 cmtl. The
communication.

(23) Radzika, A.; Pederson, L.; Wofenden, Blochemistry1988 27, (26) Bosco, S. R.; Cirillo, A.; Timmons, R. B. Am Chem Soc 1969
4538. 91, 3140.
(24) Jorgensen, W. L.; Gao, J. Am Chem Soc 1988 110 4212. (27) Pilling, M. J.Reaction KineticsClarendon Press: Oxford, U.K.,

(25) Barker, R. H.; Boudreaux, G. SpectrochimActa1967 23A 727. 1975.



Amide and Peptide Isomerization Dynamics J. Am. Chem. Soc., Vol. 119, No. 5, 105y

before illuminati 0.025
— : belore lHlumination
2717 - - : after illumination NMA G]y'Gly
N .... ¢ difference 0.04 _ _

z o Aex=206.5nm Aex=206.5nm | 0.02

£ 1

a

g 0.03

g, 0.015

© | . 2 Z

S c.
’ x5 Z @
. 0.02 0.01
190 200 210 220 230 240
Wavelength (nm)
Figure 6. Absorption spectra of Gly-Gly before and after illumination 0.01 - e 72°C, K:35S.ll ® 70°C, Kzgss'i 10.005
by 2 mW CW, 206.5 nm laser light for 80 min, and the difference B 22°C,K=2.3s B 22°C,K=14s
spectrum. The sample concentration is 0.35 mM, and the sample
volume is 1.5 mL. The sample was stirred during illumination. 0 T ety 0
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photoproduct may bE-methylformamide, since previous NMA .
200-250 nm photolysis studies demonstrated formation of Sample translation Speed (mm/sec)
CONHCH; free radicalg® Figure 7. Concentration otis-NMA and cis-Gly-Gly as a function

Gly-Gly photochemistry was more extensive and complex of sample translation speed (206.5 nm excitation). The solid curves
compared to NMA® The absorption difference spectrum are the least-squares best fit based on the three-state model, which
(Figure 6) shows the clear presence of photoproduct absorption.extracts the isomerization rates from the cis to the trans forms.

We determined a photodecomposition quantum yield of 0.022
+ 0.003 from the 206 nm Raman spectrum of extensively
illuminated Gly-Gly.

The photochemical degradation quantum yield we measure
for Gly-Gly is much smaller than that determined by Hill et
al.28who used a low-pressure mercury lamp for their quantum
yield measurements. The simplest conclusion is that Hill et al. Q

E

6

photolysis results derived from the shorter wavelength 185
nmHg UV excitation which resulted in an increased photodeg-
radation quantum yield; Hill et & presumed that this short 2
excitation wavelengths would be absorbed by oxygen and the
impurities in the cooling water. The 254 nm standard mercury I B Gly-Gly, Ea=11.0kcal/mole
excitation is insignificantly absorbed by Gly-Gly.

Ground State Isomerization Activation Barrier. We 0 t t
determined the activation barrier for the ground state trais 0.00285 0.00305
photoisomerization by measuring the temperature dependence 1
of the value oK, which we determined by measuring the sample VT (K
translation rate dependence of the cis concentration. TheFigure 8. Plot of the natural log of the isomerization rate of the cis
experimental conditions utilized ca. 0.45 mW, 206 nm CW laser form to the trans form versusTLfor NMA and Gly-Gly. The solid
excitation with a laser beam spot diameter of 88. Given Iin(_as are linear Igast-sq_uar_e fits, from which we extract activation barrier
the measured absorption cross sections we calculate excitatiod'®19nts for the isomerization.
rates ofk. = 34 s'1, andk.' = 60 s'! at the center of the laser
beam, fortransNMA and trans-Gly-Gly, respectively.

Figure 7 plots the average concentration<isfNMA and
cis-Gly-Gly as a function of the sample translation rate at 22
°C and ca. 70C. The solid curves are fits to our three-state ) ) )
model (see Appendix) which extract the ground state isomer- Where AG is the Gibbs free energy difference between the
ization ratesK = 2.3+ 0.3 s1at 22°C andK = 35+ 5 51 ground state cis and trans forms. We calculate an activation
at 72°C for NMA, and 14+ 2 s at 22°C and 88+ 14 s1 barrier energy o, = 13.8+ 0.8 kcal/mol for NMA in water,
at 70 °C for Gly-Gly. The cis to trans isomerization rates which is \{vithin t_he range of t_heoretically calculatedcuum
increase significantly with temperature. phaseamide activation energi&€$® and not far below the 16

We determined the activation barrier for ground state isomer- kcal/mol value measured by NMR farmethylformanilide in

ization by examining the temperature dependence of the ratechloroform:® Our value is, however, ca. 5 kcal/mol lower than
constants. that of formamide in organic solution and 9 kcal/mol less than

for formamide in watet!12
K =K, exp(—E,/RT) 3) The differences between the values we measured and that
for the other amides probably result from the structural
whereE, is the activation barrier energy of conversion from differences which determine energetics of the torsional energies.
the cis to the trans amide forms aKd is a prefactor. The torsional barrier energies depend on the extent of double
Figure 8 shows the dependence ofkpon 1/T for NMA bond character of the C(©GN bond which strongly depends
and Gly-Gly. The solid lines are the least-squares best fits. Theupon the charge at the carbonyl carbon. This is likely to differ
(28) HIl. R, R.: Coyle, J. D.: Birch. D.- Dawe, E.- Jeffs, G. E.. Randall, significantly between hydrogen- and_ methyl-substituted amides.
D.: Stec, |.: Stevenson. T. M. Am Chem Soc 1991, 113 1805. We obtain values for the Arrenenius prefactoriet= 4.96
(29) Miller, R. J.Ann Rev. Phys Chem 1991, 42, 581. x 108 s71 for NMA and Ko = 1.0 x 10" s for Gly-Gly. Under

@® NMA, Ea=13.8kcal/mole

:
T

0.00325 0.00345

trans to cis conversion activation energy is calculated from

E,.=E,+ AG (4)
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the simplest assumptions the rate prefactor is giver Ky = In general k, k., andk. (picoseconds to femtosecond) are
vo exp(AST/R), whereAS' is the activation entropy ang is much faster thak_ andk ' (which are on the microsecond time
frequency factor. Using a typical torsional vibrational frequency scale for pulsed laser excitation with the incident laser intensity
(~200 cn1?), we obtain activation entropies ef19 cal/(mol used here and are on the millisecond time scale for the CW

K) for NMA and —26 cal/(mol K) for Gly-Gly. It is interesting laser excitation used here), akcandK' are on the millisecond
that these values are much larger than those found for formamidetime scale. Thus, the excited state population is very small
in organic solutiort! compare to the cis and trans ground states. The kinetics of the
Conclusions cis form and trans form obey

We report the first measurements of the activation barrier N,

for trans-cis isomerization of secondary peptides such as T —[(1 — R)k_ + K'IN; + (Rk." + K)N,
N-methylacetamide (NMA) and glycylgycine (Gly-Gly) in

aqueous solution. We used resonance Raman spectroscopy to N, , ,

measure the temperature dependence of the ground state cis G - KHRKON [~ Rk +KIN,  (A.3)

trans isomerization rates of aqueous NMA and Gly-Gly and d th ited stat " ields for i
have determined the trans to cis activation barrier energies ofRC' R, andR are the excited state quantum yields for formation

_ _ f the cis, trans, and degradation photoprodugtss ko/(k: +
E. = 13.84 0.8 kcal/mol for NMA ande; = 11.0+ 0.7 kcal/ 0 - o
mol for Gly-Gly. We also determined the Gibbs free energy ke + k), R = ki(ke + ke + k), andR = ki/(ke + ks + k). For

gap, AG, between cis and trans NMA and Gly-Gly from the the pulsed laser excitation caseéandK' are negligible.
temperature dependence of the trans and cis amide Raman amide Pulsed Laser Excitation. High nanosecond pulse energy
band intensitiesAG = 2.6 & 0.4 kcal/mol for NMA, andAG excitation k., k' > K, K') can result in a photochemical steady
= 3.1 £ 0.5 kcal/mol for Gly-Gly. The different activation  state, ifk is small compared té& andk. Thus

barriers of NMA and Gly-Gly demonstrate that the activation < <t

barrier height is a function of the amide substituents and =Ec=‘7ch ~ oN¢
presumably depends on the hydrogen bonding of these substit- K oN' o (1— N
uents to the aqueous environment.

(A4)

whereo; and o are the absorption cross sections of the trans
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Appendix

I. The Three-State Model. To describe the photochemical
dynamics between the cis and trans amides, we use the simpl
three-state model shown in Figure 2. In this model the amide
isomerization reaction coordinate is restricted to one dimension
along the CN bond axisK andK' are the ground state thermal k (xY,2) = 0, |(xy,2)/hw (A.5)
isomerization rates of the cis and trans amides, respectively, ) ) ) )
andk_andk_' are the trans and cis form photoexcitation rates Whereoa is the absorption cross sectiokfx,y,2) is the laser
from the ground states to the excited state, which are the productntensity profile, h is Planck’s constant, and is the laser
of the absorption cross section and pump laser photon Kux. frequency.
andk. are the relaxation rates back to the trans and cis ground The cis population distributioMs(X,y,Z) can be calculated
state forms. k; is the excited state photochemical degradation from eq A.3, ifR;, R, R, K, K', 1(x,y,2), and the absorption
rate?® which depletes the sample concentration. Because thecross sections for cis and trans forna§, and o, are known.
excited state relaxation rates are very fast (picoseconds toThe Raman intensity is given by
femtosecond®), we can assume a single excited state.

Isomerization occurs both photochemically and through a 1250 og° [ NJ(xy,2) 1, (xy,2) dx dy dz (A.6)
ground state thermal pathway. The population in each state
can be determined by

CW Laser Excitation. Translation of the sample solution
éhrough the laser beam at a spea@sults in a time dependence
of the apparent laser intensity. This results in a time dependence
for the apparent molecular excitation rake(x = ut,y,2):

And the spatially averaged cis amide population in the excitation
volume can be calculated from

dN
gt = 0 KON+ KN+ KN, jcis
N, — (A7)
dN, o’ [1.(xY,2) dx dy dz
E = K'Nt + chex - (kL’ + K)Nc or
dN,, ,
i = KN kT RING H RN, (AL S Neig(xy.2) 1 (x.2) dx dy dz
N, = (A.8)
At the limit of low photon excitation rateg, andk_ ' — 0, the fIL(x,y,z) dx dy dz
population ratio should be given by the Boltzmann distribution:
In the data analysis, we used eq A.8 to calculate the cis
Neis _K_ exp(—AG/RT) (A.2) concentration from the Raman intensities. We also used eq A.3
Niran Kk '—0 K ' to simulate the cis spatial distribution as functions of the sample

translation speed and the ground state conversion Katand

whereAG is the Gibbs energy difference between the cis and extractedK by least-squares fitting.

trans amide ground state forms aRd= 1.987 cal/mol is the
gas constant. JA962058C



