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Abstract

The stability ond the characieristics of the water solution of the non
Intramolecularly H-bonded (@=60%) form of glycine zwilterion were studied
with a Montc Carlo simulation in the N,P,T cnscmble, using TIP4P poatentials
for water and analogous transferable potentials for glycine. The results
were comparcd with those from previous simulntions of glycine (@p=0°) and
of its componcnt ions. The analysis of the solttion shows the presence of
the same four types of walecr alrcady found: (1) bulk  waters; (2)
hydrophobically bound waiers ncar the CHsz group; waters tightly bound
(3) to the polar 'oxygcns and (4) to thc polar hydrogchs. The cnergetics of
the solution process is morc fovourable for the @=60° form than for the ¢=0°
onc, as for as the enthalpic term is concerned, by 2.6 kcal/mol, due 1o the
compensation between  the prcscnci: of an odditional H-bond with wnl.cr,'
coupled with a slightly smaller disruption of the solvent., and less
favourable individual H-bonds on the avcrage. Convcrscly; a considcrable
inerease in the partizsl molar volume is deteclied. The in vacuo cnergy
diffcrence  (including Haorwrcc-Fock and  thermal encrgies) between the two
conformers at. the 6-31G* level [lavours the p=0" form with respect to the
@=60° onc by about 5 kcal/mol, thus the former should be the most likely 10
be found in solution as well.

Introduction

Somc authors which study solutc-water intcractions  wilth the “super-

melcculc™ approach, or with the solvent represented as a  conlinuous
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mcdium, prefer. o disrcgard  solute  Stroclures  involving  intramolecular H-
bonds, in that ihcy consider It cxtremely difficult that these bonds arc

brokcn upon inlcractions wilh n fcw water molccules or with a continuum
11-2), as converscly occurs’ in real solutions, where extended conligurations

of oligopeptides prevail, cven though less Hexible groups, showing marked

conformotlonal prelerences [3), are introduced [4]. To cvaluate the sound-

ness of this aopproximatien in the casc of very small soluics as well, and 10

dctormine o what cxient the presence of the intramolecular H-bond had

affeccted the structure and the cnergetics of the solution in our previous

“simulation of giycinc zwillcrion [5] (hcrcal'lér rcferred to as rl). we  decided

o carry .out the Montc Carlo simulation of the conformer with a torsional

angle of 60° herealier referred 10 as 11 (see the schematic representation

recportied In Fig. 1), that in vacuo is less stable than [ [6]. These simulations

arc then comparcd onc to the other and 1o the simulations of the individual
ions. CHzNU3t and CH3COO- [7], that made usc as far as possible of the same

pﬁrnmclcrs. A Tairly ecxiensive

comparison of our results with those of

BULK

Fig. 1. Schematic representation of the solute conformation. of the

solution specimen (n box wﬁh an average edge of 18.81 A) and of
 the .d;l‘ffcrcnl -E.DIVilt;lrdn ‘regions considered (A=apolar, PH=polar H,
FPO=polar O, bulk all the rest). The blank arca surrnnndinﬁ the
‘solutc atoms stands for their excluded volume.
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prcvions simulations of glycine zwillcrion [8.9], using dilferent potentinls

and cnscmbles, is reporicd in Ref. 5.

Methods

The simulation was carricd owt in the N.P.T cnscmble (at 25°C and |
atm) on a sample of 216 waicrs plus onc molecule of the solute, using
periodic boundary conditions with a non-bonded cutoff of 85 A, in ke
Meiropolis (ramework, supplemenicd with preferential sampling, on  our
Gould 3287/05.

Assuming pairwise additivity, the intermolecular potential between

monomers m and n cmployed in the simulation is of the 12-6-1 type:

over m over o a2 A
S (3 06

311 rhz rfj

Table 1. Paramcters employed in the Monie Carlo simulation®.

System Atom ypc AZx10-3 cz q
o 600 ’ 610 0
H,0b - TIP4P M 0 0 -1.04
H o 0 0.52
o5 230.584 429.5 - -0.745
C 789.954 615.77 0.752
Ha+N-CHz-COO< 2 7290 1825 0.270
990.525 563 : -0.663
H o 0 0.377

& Units: clectrons for q; kcal-A1Z-mol-1 for AZ; kcal-A$-mol-! for C2.

b Experimental geometry (OH=0.9572 A. <HOH—104 52°); M is located (}.IS A awuy fromr
0 along the biscctor of the HOH angle. Parameters from Ref. 10. :

€ Charges obiained by fitting the electrostatic potcential produccd by a 6- 310"‘ wave
function [1 1); paramciers from Ref. 12, c:u:cpt those of C2 “[13]; gcomclnc :

parameters: CO=1.25 A, cC=153 A, CN=1.48 A, NH=1.03 A, <OCO=125, <HNH-=109 47°,
<NCC=109.47°, <HNC=109.47°.
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For the shl;c of casier comparison the same procedurc, Lhe same paramectets,
and thc samc internal gcomeuy of the solute (apart the @=60° "dihedral
anglc) as those used in the previous simulation [5] have becen cmployed. The
rclevant paramcters are rcported in Table 1.

In order 1w analyze the structurc of the solution we resorted 1o the
pnﬁilion of the [first solvation layer already adopted in our previous
simulations and, therelfore, the F[irst shcll around glycine zwillcrion was
divi-dcd in -l-.hrce regions: A (apolar zone), PO (polar oxygen zonc), PH (polar
hy&rogcn zom:).r whose radil (derived from the minima of the relevant
r;idlnl distribution fuhcllons) arc cxaclly consistent with 1hose cmploycd for
glycinc 1. These regions are also schematized in Fig. 1: the shaded regions
represent the sccond solvation shell with respeclt o the polar first shell and,

in our opinion, cannot be considercd as belonging to the apolar hydration

,shcil.

Results

Salute-solvent struciural analysis

l;?adlal distribution Functions

Wé rcport in Fig. 2(n-.b) the solute-solvent radial distribution func-
lions.'-rde. (SDlid linc), supcrimposcd to the correspondent ones for glycine I-
(dashcd linc), rccorded cvery sicp, scunnring the space surrounding cach
solute otom with a Ar=0.055 A. In the¢ samc plot (right scalc) the relevant
running coordination numbcrs  arc displajcd (#olid linc) in cormparison 10
thosc Vo-l',glycinc l tcﬁshed line). Such a pilctorial representation i5 more
'cl'l'cclivc.'dcspilc'thc crowded aspect of the i]lols. and makes it casier w
dcstriﬁc .unalogi;:s n:id dil:fctcnccu between the curves for the 1wo confor-
mers. For this rcason we maintain the saﬁm choice as previousty of rdfs
"disprlnycd."lcccpinrg aparl  ths radial 'drlstrlbutiron'fﬁnclions for the solutle

xﬁoms (Hl andr 1) lhni were involved in the intramolccular H-bqnd. 10 allow
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Fig. 2. Radial distribution functions (left scale) and nmning coordination
7 numbers {right scale) for glycinc I (solid line) in comparison
with those for glycine I (dashed linc): belween (a) the solute

oxygen atoms, O1 (bottom) and O2 (iop), and the water O and Hs, and

beiween (b) the solute CHs group (bottom) and hydrogen atoms. Hi

(middle). and the average of H2 and H3, Ha (top) and the water O
and Hs.
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a better cvnlﬁalion of its qﬂ‘ccl on the structure of the solution. HaO and HaH

ar%: the avcrage radial distribution functions for the other 1wo hydmgcn# of

the NH3+ gmdp-
From thc cxamination of these curves it can immediately be scen that:

1) the 020 and O2H rdfs (Fig. 2(a)) are very similar for both glycine confor-
mers (I and I1). Also, they closely resemble those recorded in  the
simdlulion of lﬁc acetate anlon. In this solution as well we find strong H-
bonds linking ©O2 io ihree different water molecules, cach of them
oricnicd wiln one H pointing toward 02, as can be deduced [rom the
coordmnlmn numbcrs and distances of the first peaks of these dfs,

2) thc O10 and OTIH dfs (Fig. 2(a)) arc similar for both forms of glyc:nc {at
Icast as far as the first pecak Is conccrncd), whercas they differ from those
‘af acclate, that almost coincide with the 020 and O2H rdfs. We explained the
height of the first pcak of the rdfs for conformer I with the presence of
the intra-moleccular H-bond preventing the formation of a third H-bond
with watcr. What is the rcason of this bchaviour? We will discuss this
fcaturc in dctail later on. For the time being let uws pay aticotion to the
subscqucnt part of the rdls, which shows the main changes, duc to the
prcsence of addltional waters in the ncighbourhoods. These changes may
bc ascribed, ag will be illustrated below, 1o the waler hound o H1 and 1o an
__incm_n_ing. watcr unable, however, 10 rcach gn H-bond distance in the 01
hydration shcll. In their random movcment, somctimes, the first shell
rwa'lfcrr moleculcs may assumc¢ slightly unl‘:-wourcd positions  that,

conv-cr.';c-l)r.r allow cnough room 1o accommodate an additional waler
) molccule. - | .

3)'lhcr_c is no scositive variation between the CHzO and CH;H rdfs in the lrwo

- ﬁolﬁl_ions (Fig. 2(b)). They arc also similar to the CH30O and CHaH rdls
zobmlncd for acciale and mcthyln'rr;mohium 171.

4)'1‘1“ the ihrcc HO and HH rdl's arc slmilar in glyciné IT. whcrc.ns ln glyciﬁc

1 only two of them bchnvc in n similar way. As a malter of lact, whilst in

glycinc I all the three hydmgcns of the ammonium group are avnllablc



10 form (and actually they do) H-bonds with the solvent. in glycine 1 one
of the hydrogens is not available, in that it 'parrlicipnur‘; in’ Vihc
intramolccular H-bond. The presence of the third water meolecule
coordinalcd 1o the NH3* group is highlighted, in addition to the value of
the running coordination number and to the shapc of the [irst pcak in
the H10 and HIH odfs, also by the prescnce of the sccond peak in the HaOQ
and H1O rdfs (as well as in the 010 and OTH ones) of glycine IL.
Surprisingly, the absence of the Inwamolecular H-bond is brought
out only by thc gH10O rdf and the ngH onc. with a hint in the gHnO sccond

maximum, accounting for the water coordinatcd to the H1 of the NH3+ group.

The COIO and OI1H rdfs, as far as the first maximum And the relevant

coordination number are concemed, are practically unalicred. Albeit the 01 °

atom is available to form onec morec H-bond, it prefers not (or is not allowed)
to. Why? Dcspite all the dnnlyscs performed, we wcre nol able o figure out
the rcason of this behaviour till we cxamined a few snapshots (randomly
choscn) of thc sysiem through our PS330 Evans & Sutherland video display.
limiting our obscrvation 1o the watcr molecules strongly intcracting with
the solutc. Adding the van der Waals spheres 10 the soluic and solvent mole-
cules It was clcar that around such a small solwte there is no room left for
anothcr water molecculce at a corrcet H-bond distance: a  water melccule in
turn tricd o fill the mnarcrow empty space, but was forced to siay at a much
longer distance f{rom the seolute. In their random movement, in fact,
somctimes the waler molccules may assumc slightly unfavoured posilions
aliowing cnﬁugh room o accommodaic an additional water molecule.

Ces O distributions

Further information about the waler oricntations can be obtlained
rcsorting 1o the cos 0 dislﬁbullons. in which the O angle is deflned ns- the
:mﬁlc formed by the ()—H'din:cliunrwilh the X-O axis directed outwards.

The cos O distributions around the O atoms, reported in Fig. 3, are

similar 10 cach other and analogous 1o those obtained for glycine I, and for

acciatc and dimcthylphosphate [14] as wecll. They shbw Lwo cﬁﬁivalénl ‘pcaks |

- 14b
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Mole Frattion x 100

Cog © Digtributions

Fig. 3. Cos 0 distributions for thc watcrs belonging 1o the polar O region,
01 and 02. 6 angle defined as decpicted. Units for the ordinalc arc
mole fraction/0.04 cos 0.

ﬁboul 180° and 75.5°, in agrecement with the HOH angic for water (104.5°), in
that cacil watcr pbinls onc of its hydrogens towards onc of the solule
oxygens, consistently with what remarked from the running coordinalion
,numrbcr and from the diﬁtanca of the first peak in the rclevant rdfs. Since
thesc distr_iﬁulions arc normalized it is impossible (o evaluate the coordi-
nation numbecr, that is 1o be deduced from Fig. 2 and from other analyses. In
l;acl; in this slmulallon we obtain a coordination nutﬁbcr ahout oiygcns of
'5.2'.7 that dcrives from the summation of iwo different coniributions [rom
-, cach oiygcn: ~3 from 02 and ~2 frm;] 0Ol. The average coordination numbers
in the first hydtution shell for this gsimulation and the rclated oncs are
r(;;pbrlcd in Fig. 4.

The cos @ distributions around the three hydrogens, displayed in Fig.
‘5, prcsi:nl only onc wide maximum about 0.5 (66“). corrc.'spol_lding tﬁ'walcr
rﬁrrhng;mt:nts ln- which both hj'drogcﬁs form 760° wilh_ lhrc outward normal
’gn‘d lﬁcrcfdrc the oxygen hﬁs both lone pal;s rpuriming' towards onc of the
sb.l_nlc,hydrogcns. V_T_his' is a common arrangement obtained - also in  other

sysicms with ' the “supermolccule” approach [15]. In the simulation of gly-
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Fig. 4. Comparison of the averagec coordination numbers for the solute O,
H snd CH32/CH3 groups in the glycine II, glycine 1, acetate and
mcithylammonium solutlions.

Mole Fraction x 100

-1.0 -0.5 0.0 0.5 1.0

Cog @ Distnbutions

Fig. 5. Cos 0 distributions for the waters belonging to the polar H rcglon,

H1, HZ and H3. 0 anglc defined as depicted. Units for the ordinate
arc molc fraction/0.04 cos ©.

cinc 1 it wag possiblc to draw these distributtons for just two hydrogens in an
ovcrall agreement  with those displaycd here. The average coordination
numbers with respect to the NHa+ hydrogens, also reported in Fig.. 4, show

that a water molecule is nssociated with e¢ach H. In the other simulatlons

147
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,considcrcci (glycinc I and methylammonium) & nui‘nbcr_ somewhat greater
tl';an{'l wﬁs found for the available Hs since, as almﬁdy stressed, there is the
icndency of a water molccule toe fill the empty space coming thus closc
;:nough 1o make an H-bond with the golule molccule.

7 ~The hydrophobicity of the CHZ, group i;s highlighted by the cos O
,drislrribulionﬁ arbund it {(Fig. 6): the walter molccules arc generally oricntt&
in such a way as ncithcr hydrogens nor O Tlone pairs poiol towards tho
mcihylenc group. In the preévious simulation on glycine 1 [5] it was possible
to obscrve a slight oricntational prcfercnce of the water molecules, In that
thcy had both lone pairs pointing toward the CH2 group, perhaps due 1o the
cffort of housing a lurrgcr number of water molecules in the first hydration
shell. The average coordination numbers (Fig. 4) do not fully account for
this cffort, since we used a somewhat strict gcomctrical definition of the
first hydration shcll in order o avoid the incluzion of scecond shcll waters.
An ;mtcrni_cd!nlc choice allowing wuws to discriminatc number and position of
lilcsc incoming watecrs would have rcvecaled a sirong oricnting effcct of the

polar groups also with respect to the water molecules near the border

T
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Fig. 6. Cos 0 dis:ribu;idqs for the waters belonging to thce CH2 rcgion. B
' angle defined as'dcpicmd. Units for the ordinate are mole frac-
tion/0.04 cos 0.
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between the two regions. Nolice the large apolar coordination numbers for
acctlalc and mclhylammoniulh. whose Vmcthyl groups arc lully cxposed to lﬁi:
solvent.
Additional information can be dcrived cxamining the pl;ﬁhnbi.lil)' of
thc various polar coordination numbers (Fig. 7, 8 ). As [ar as the piolar o

arc concerned, their behaviour iz similar in the threc solulions cven

80
1 W Gyl

B ciy!
B cHaco0-

60

40

Probability (%)

20

Oxaygen coordination nos.

Fig. 7. Probability of various O coordination numbers in 1he glycine 11,

" glycine 1 and acciatc solulions.

80 -1

W Gy
Gly |
E cHaNHE

Probability (%)

Hydrogen coordinatlan nos.

Fig. 8. Probability of various H coordination numbers in the glycine 11,

glycine I and mcthylommonium solutions.
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lh_puﬁh Vglyciric I shows a sumﬁwhal Iarger probability of coordination
nﬁmbc“n-; ‘rol‘ ‘4.‘6 and 7 with rckpcm w0 (hé oﬂl'll:r 1wo solutions. The bchaviour
in the ﬁo[ar H zonec is considerably different, since in glycine I there is a
higher probability of a coordination numbcr of 2, in glycine II the most
probablc coordination number is 3, wheieas for mclhylammbnlum there s
an ailmost cqual probabllity of coordinalion numbt;,m of 3 and 4.

Differential distance distributions

Another distribution giving a considerablec contribumiion 1o the know-
ledge of the reciprocal positions of waters in the varipus reglons Is the
ﬂ_islrihulior: of thc differences between the distances from two  diffcrent
sitcs. From the Dgi1-92 = IRoaw - Rozw! distributions (Fig. 9), as alrcady ob-
scr;rcd in the COO- |7] and POO- [147] groups, il (ums out thair very few walcrs
a.rc bridged between lﬁc tw.o sohic oxygensg, since thecy arc prefcrably H-
bonded to onc oxygen only (Scheme 1). On the contrary from the DHj. Hk =
lRﬁjw - Ry wl distributions (Fie. 10). each watcr associatcd to onc of the
hydrogens s scen by the other two hydrogens as bridged between them

{Schcmc  2): this disposition is the suatistically moast represenied in  this

No. of Molacules x 100

0.0 1.0 2.0
Difi, Distance (O1-02) A

) Fig 9. Dil’l'crcnliu-l - 01-02 distance disiuribution for 1the water molccules
'  belonging to the polar O rcgion. Units for the ordinatc arc no. of
molcculcs/0.15 A. '
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ap
o D{H1-HZ}
1 - oHI-HI
sod ™ DiH2-H2)

No. of Molecules x 100

Diff. Distance (H|-Hk) {A)

Flg. 10. Diffcrential Hj-Hk distance distribuiions for the water molccules

belonging to the polar H rcglon. Units for the ordinalc are no. of
molecules/@.15 A.

region, as can bc derived from the small [raction of molecules placed at
intcrmedinte  differential  distances. The siwvation in this case is completely
differcnt from that found in glycine I [5] where. since H1 did not coordinate
any waler, thc Dyz y3 distribution presented a sharp peak sbowmt 1.5 A, and
the Dyi-g2 and Dygji-p3 distributions had a szimilar trend, showing twe

cquivalent maxima about 0 and 1.5 A.

oW
o~ H% .
s T
\Oé. Hy o
Scheme 1 Scheme 2

The arrangement reported in Scheme 2 iz the most siable also [or the
monohydration in the “supcrmolcculc”™ approach at the ab initio level [16].
Molice tHal the AM! rcyults arc substantially different, in that thcy give the

bifurcated arrangcment as the most siable one [17].

Energetics of the solution

Lct us summarize the pmpcrﬁc_:s that can be derived from the Monte

Carloe simulation.



'1.52
. Thc ‘lol'ai polcnual energy of the solution can be viéwed as ihe sum of
two distinet contributions, duc one to solute-solvent interactions and the
othcr 1o solﬁént-sohcm .Enl'cracl.ions:

' E=Esx +Ess
Which are pairwise additive and can bs written as:

.M . N N
Esxr=_z, Esx . and Ess = 2 z Ess,

i=1 i=1 j>i

The cnqrgy‘ of solution (or partial molar internal cncfgy) can be
.c.ompulcd il the total qncrg& E°s of an equal amount of water molecules in
the pure liqhid is known: _

- AEgq = Esx + Ess - E%s = Esx + AEss
The last term AEss can be considered as the solvent disruplion due to the
presence of the solule.

:'Sublracling from the volume of the dilule solution, V., that of an ecqual
number of water molecules iﬁ lhc pure [iquid, V°, we obiain Vlhc partial
m'olaif volume of the srolulion (éil the partial molar quantitics are indicated
by .:Lhc barr)': .

' | AV =V -V°
15'1:0!11 lhc alorcmentioned qu:_tﬁlilics 8Egsol and AV gq) il is possible to calculate
'ih;c'cnlhalpy 0[' soluﬁon 'Ai{sulz
IR | AHgg = AEg + PAV ;1 - RT
“where RT:s thc PV contribution ‘for the solute in the ideal gas.~ In our
conditions (1 afm) Ao = AFgq- RT.

The 'rvﬁlueé 'of_ tﬁe_ c'alculaicd properiics are reporled in Table 2,
togclhcr WE;H thc ';ésglts obtained for .glycine I [5] in order to facilitate the.
'c:oi'hi;)é}isori.rri'l‘hc cnergetics of the  solution process is more favourable for
glycmc ‘II than ﬁ)r —giyc;ihcrl by 2.6 kcal/mol. This overall stabilization
comes 1011117“':}6:1&'_“sb_lrighil_ry' Vbc':r.u_:rr Vsblu'tc-sd]'vcrhrt anﬂ sqlvcht-sdlvem' iﬁ'..-fac-
;'iions (166 aﬁﬁ .0.95 'kcal/ﬁlo]. rcspgctivcly).' Onc_ copld arguc lha_; this 'small‘__
Vgnérgyr_ diffcrcn&:éri':'-;r not sufﬁc:cnl to discriminate absolutcly and positively

belween the. two forms, since it. does not exclude the presence in. solution of




Table 2. Calculated propertics for glycine 1T and glycine 1 at 25°C and 1 aim2.

Property? 7 ' Glycine 11 Glycine 1

E -2254.12 + 2.0 -2251.51 1.6
Esx -115.05 = 0.5 , | -113.39 = 0.8
Ess -2139.07 = 2.1 ' -2138.12 = 1.8
AEss 43.13 = 4.0 o 44.08 = 3.8
AEqgol -71.9 = 4.0 ' -69.3 + 3.8

v _ 6653.26 * 6.2 6529.77 = 6.8
AVsol 125.42 = 184 ' 51.05 = 18.5
AHgor 724 = 4 | -69.8 + 4

p 0.989 1.0073

a Units: cnergics in kcal'-mol-1; volumes in A3 AV incm3-mol-l; p in gcm'3. the
standard deviations of the difference quantitics are calculatcd ~as  square root of

the sum of the componentl variances.
b TIP4P values for pure water {Ref. 18). E°gg = -2182.2 = 3.4, V° = 6445 * 30

the H~bondcd form. In this case the thermal averaging should be consider-

ed, together with the different cnlropy of the cyclic and distoried forms ’[‘hc
in vacuo thermal contrlbullons to the frce energy of the
were thus cdmpulcd.’ using the 6-31G* basis set, with Gaussian -86 [19] that
makés use of 'convcﬁticrmalr standard techniques in the harmonic

abproximalion. Their values a1 the 6-31G* optimized geometries; reported -in

_ Table 3 together with th'c,SCF'cﬁ'érgy and the gcrb‘ bqim'(ZPE)'vibrat'iohﬁi"'
" term, show that in vacue glycine I is 'mo'rc stable than giycine II by 5.10

kcal/mol (1.61 kcal/mol in lhe gcomelncs cmp]oycd in the Montc Ca;lo'

s:mulauons. lhal arec not as’ much scnsuwc o a small change in the internal
- «enmetrics). This rcsult - FCVCISCS thc total cnergy difference (to 2.5. kcal/mol,
which value now favours glycine [. The companson should, of coursc. be

made with the valucs of the thermal quanuucs in soluuon.

the _.case df Lwao sl.ablc conformers their di[‘fércmial cffccr.'.do'cs not

consndcrably changc wuh lhc dlclcclrlc constam of the mcdmm l20]

» PO=1.

1wo gonformcrs o

even lhough m

153

- The solutc-solvcm cncrgy dlSlnbul:on is dlsplaycd in Flg' Il log,clhcr
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Tnlﬂc 3. Total SCF Vcncrgy. thermal contributions and zcﬁ) point cnergy for glycine
II and glycine I (kcal/mol} at 25°C and 1 aum {(6-31G* opilimized gecomeiries®).

SCF trasl roL vib therm . ZPE
Glycine 1l -282.781089b 0.889 0.889 56.160 57.937 55.106
Glycine 1  -282.786054b 0.889 0.889 55.337 57.115 53.048
A (11-1) 3.116 0 0 0.823 0.822 1.158

A pcometric parameters of glycine 1I (for the atom numbering see Fig., 1): CO1=1.235
A, CO2=1.208 A CC=1.570 A, CN=1.508 A, NH2=1.007 A, NH1,3=1.009 A, CH=1.080 A,
<0C0=134.42", <O2CC=113.99°, NC(C=105.98°, <H2NC=115.26°, <H1,3NC=107.65°, <H2NH1,3=
111.16°, <HINH3=103.18°, NCH=108.14°, HCH= 109.91°, HCC=112.22°;, gecomctric para-
meters of glycine I (H1 is thc alom making the intramclecular H-bond): CO1=1.248
A, CO2=1.203 A CC=1.569 A, CN=1.501 A, NHI=1.076 A, NH2.3=1.005 A, CH=1.079 A,
<0C0O=133.15°, <Q2CC=115.61°. NCC=104.57°, <H1NC=96.53°, <HZ,3NC=114.28", <HINH2, 3=
111.25°, <H2NH3=108.82°, NCH=109.94°, HCH= 109.54°, HCC=111.38°;

b Hartrces. (The corrcsponding 6-31G*/SCF valuca for ithe geomcetrics of glycine 11

and glycine I cmployed in the Monte Carlo simulations (Table 1) are -282.766691
and -282 769249 harirces, respectively; AE=1.606 kcal/mol)
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Fig. 11. Solute-water - cncrpy distribution . for glycine - [I  with respect  to

glycinc 1. Units for the ordinate are molc fractionx100 / kcal-mol-1,



with the cdri‘r:Sponding onc for glycine 1. On the overall the distribution for

glycine II is slightly smoother than for glycinc I, as rcflected by the values
of the cori‘csponding standard deviations. The distribmiion lor glycine I1 is
sharper than that for glycine 1, and thus the total solulcr-solvcmréncrgy
valucs show smaller variations along the simulation. Dcspitc the smoother

aspect of the solute-solvent cnergy distribution, the individual solute-

solvent interaction cncrgics, rcported in Fig. 12, once again in comparison
io the plycine 1 ones., arc somewhat less smooth than the latter. cven though
the ovcrall shape of the two distributions is similar. One fcature is brought

out by these distributions, namcly that the water molecules in the polar

regions, where the most altractive contributions arc located, prefer to make

an additional but less ecnergetic H-bond (thus contributing 1o increase the

volume of the solution) instcad of betier accommodating a smaller number

of water molecules in the first shell.
To analyzc thc contnbution of the various solvation regions {(polar O,
polar H, apolar) and of thc bulk solution 1o the solutc-solvent intcraction

cncrgy. Esgy. wc carmried out its decomposition that is reporied in Table 4,

together with the number of molecules contained in the differcnt rwegions,

Ng. of Molecudes / kealimo

-15 —-10 -5 0 8
Enargy Palr Distributhons

Fig. 12. Solulc-water cnergy pair distribution for glycine I with respect to
glycine 1. '
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Table 4. Dccomposition of thc solvent-soluic (S-X) intcraction energy in kcal/mol
and coordination nwabers n within the first solvation shell and the bulk (Fig. 1),

~ total values partial valucs
Encrgy n . Energy/n
Gly 1l Gly 1 Gly II Gly 1 Gly 11 Gly 1

PO -48.4 -51.5 5.2 5.3 o1 -17.372.2  -23.3/2.5
(9] -31.1/3.0 -28.2/2.8
H1 -5.7/0.96 -0.8/0.15

PH -20.3 -17.0 2.9 2.4 H2 -7.0/0.87 -B.3/1.11%
H3 -7.6/1.06 -7.9/1.12

A -5.3 -0.04 2.2 3.1

Bulk -41.0 -44.9 205.7 205.2

A Radii cmployed for the analysis: R(PO) = 3.2 A, R(PH) = 2.5 A, R(A) = 45 A.

for glycine 1I and glycine 1 [5]). The contributions from water molecules in
the¢ polar H and apolar regions arc more favourable for glycine I than for
glrycil_u; I, because there is onec morc waler coordinated to the ammonium
group and because of the better geometric arrangement of the hydropho-
bically bound waters that moreover produces a volumc cnlargement. On  the
contrary, the contributions from the waters in the polar O rcgion and in the
bulk solution arc less favourable than for glycine I: nonctheless, the overall
balance favours glycine 1I. In Table 4, we also rcport the avcrage solute-
solvent - energy  in  each recgion duc 10 the number of water molecules
displayed: thc perturbalion induced by the cffort of housing an additional
watcr molecule in the limited space available in the solute ncighbourhoods
cuﬁscs lrlr lcnglhcnin-g of the H-bonds that therelfore become less strong, at
least as far as the closer groups arc concerned (O1 and HI1). This is the reason
vﬁhy the additional H-bond docs not produce such a large cnergy goin as
might bc cxpected.

- A somewhat morc diftficult discussion is requesicd 10 cxplain the

‘con'sldcmblc increasec in the partial motar volume in passing from I o II,



cven though we anticipated some hints. We obtained for T a partinl molar
volume (51:18 cm3/mol, [5]) in good agrcement with the experimental valuc

(43.3 em3fmol, [21]), as was also the case in the simulation of acctaie and

methylammoniom [7]. The calculatcd sharp increasc in the partial molar

volume, while all the other computed properties of the solution remain w a

certain extent unaliered, scems 10 be the outstanding fcawure of this

simulation. We may cxplain it with the larger volume occupicd by the first

solvation iaycr. since any scnsible choice of the solutc van der Waals radii
gives substamiially cqual molccular volumces for the two conformers of the
glycine zwiltcrion. Then this crowded and expanded first layer (just a himt is

obtainable from the CHzH rdf) would caousc thc water molccules in the

second laycer 1o bec oricnicd in an uniavourable way one respect to the other

pushing them farther aparnt in order w0 reduce the repulsive interaction.

The overall balance produces the cnergetic stabilization at the cxpenscs of

the system volume.

As Ffar as the solvent-solvent structural analysis and cncrgctics arc

concerned, the rdfs are wvery similar 10 thosc rccorded for pure water and
previously displayed [7]. since just a few walcr molccules belong to the first
hydration shcll and conscquently show a different bchaviour with respect
to bulk wnlcrs;. because of the disruption in the purc liguid structure
produced by the prescnce of the solute molecule. An inlcresting analysis is
reportcd in Fig. 13, 14 which shows the solveni-solvent bonding cnergy
distributions for the water molecules contzined in the polar O and H
cnvitonments in glycine I and II with respect to (he same distribution for
the water molecules in the bulk solution of glycine [ (almost indilin.guisﬁ~
able from thc cncrgy distribution recorded for pure water). From thesc

distributions the diSruplion produced in the solvent by the presence of the

solutc turns out cvident and it is quilc similar for both polar environments

in thc samec solution.
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Fig. 13. Solvenlt-solvent energy distribitions as scen by the waters in the
polar oxygen cnviromment for glycine II and glycine I, in’
comparison 1o the analogous distribution for bulk waters. Units [or
the ordinate are mole [racdonx100 /7 0.75 kcal-mol-1.
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Fig. 14. Solvcnt-solvent cncrgy distributions as seen by the waters in the
polar hydrogen environment for glycine 11 and glycine 1, in
comparison to thc analogous distribution for bulk waters. Units for
the ordinate are mole fractionx100 f 0.75 kcal-mol-1.

Conclusions

The results produced by the Monte Carlo simulation of the glycine -

zwitterion conformcr with a torsional angle of 60° (glycine II}) do no1.



gready differ from those we have previously obtained [5] for the’ CD“EOI’II’ICl-."
with a torsional angle of 0° (glycinc I), that we¢re alrendy compared to those
of previous simulatons [B-9] of the glycine 1 conformer, cmploying the
N.V.T cnscmbié. diffcrent potentinls for the solutec and solvent molecules and
diffcrent samples (periodic boundary conditions and a spcc'iincn of 215
watcr molecules or a cluster of 200 water molccules). The solvation cnergy
turns out to be 2.6 kcal/mol morc favourablc for glycinc Il than for glycine
I, whercas the partial molar volume of solution i3 cxceedingly high for
glycine Il and in contrast o the cx-'pcrimcnlal valoe [21]. that conversely is
well reproduced by the simulation of glycine I. From the cnergetic results
and the above discussion it scems likely that glycine zwilicrion prefers the
H-bonded form in solution (given also that the isolaied glycine 1 conformer
is more favourcd by 5.1 kcal/mol, thus reversing the overall cnergy
differcnce 10 2.5 kcalfmol). The smali size of the solulc, in fact, as wcll as its
limited [lexibility prcvent the possibility of housing in the [irst solvalion
shell a inrgcr number of water molecules. Morcover, the l‘rnirrly good
agrcement  between  the  experimental partial  molar  volume and that

computcd for glycine I rather supports the presence in soluiion of the H-

bonded form.
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