
520 Acta Chim. Slov. 2012, 59, 520–527

La jo vic et al.:  Struc tu ral Study of Sim ple Or ga nic Acids by Small-An gle ...

Scientific pa per

Struc tu ral Study of Sim ple Or ga nic Acids by Small-An gle
X-Ray Scat te ring and Mon te Car lo Si mu la tions

An drej La jo vic, Ma ti ja Tom{i~ and An drej Jam nik*

Uni ver sity of Ljub lja na, Fa culty of Che mi stry and Che mi cal Tech no logy, A{ker~eva 5, SI-1001 Ljub lja na, Slo ve nia

* Corresponding author: E-mail: andrej.jamnik@fkkt.uni-lj.si

Re cei ved: 26-01-2012

Dedicated to Prof. Dr. Gorazd Vesnaver on the occasion of his 70th birthday

Ab stract
This study re pre sents an ex ten sion of our pre vi ous re search on the struc tu ral pro per ties of sim ple or ga nic li quids to the
systems of or ga nic acids. A set of sim ple acids from et ha noic to oc ta noic was mo del led with the Tra PPE-UA for ce field
and con fi gu ra tio nal bias Mon te Car lo (CBMC) si mu la tions we re used to ob tain a num ber of con fi gu ra tions of each sys-
tem. The se da ta we re sub se quently used as a ba sis for the cal cu la tion of X-ray scat te ring in ten si ties, par tial ra dial di stri -
bu tion func tions and sta ti sti cal analy sis of mo le cu lar ag gre ga tion in li quid or ga nic acids. The com pa ri son of si mu la ted 
X-ray scat te ring cur ves with the re sults of SAXS mea su re ments has shown the agree ment to be ove rall so mew hat poo rer
than in our pre vi ous stu dies on al co hols and al dehy des, alt hough it did im pro ve with in crea sing mo le cular length. Hydro -
gen bonds bet ween the hydroxylhydro gen atom and the car bonyl oxy gen ha ve been found to ha ve a pro found ef fect on
the struc tu re of the li quid acids. Ho we ver, the mo del-ba sed re sults sho wed that the for ma tion of in ter mo le cu lar hydro gen
bonds in vol ving the hydroxyl oxy gen was dis pro por tio na tely scar ce in these systems. Sta ti sti cal eva lua tion of the mo del
con fi gu ra tions has shown that only about 4% of acid mo le cu les form such a type of hydro gen bonds, in con trast to 68%
of mo le cu les that form the hydro gen bond with the car bonyl oxy gen. This  sug gests that the for ce field might be un de re -
sti ma ting the hydro gen bon ding via hydroxyl oxy gen. The sta ti sti cal analy sis has al so shown that the si mu la ted mo le cu -
les pre ferred to as semb le in to small mo le cu lar ag gre ga tes, par ti cu larly in to doub le-bon ded mo le cu le pairs. 

Key words: Small-angle X-ray scat te ring, Tra PPE-UA, CBMC.

1. In tro duc tion

The mo ti va tion for our in te rest in struc tu ral in ve sti -
ga tions of sim ple or ga nic li quids ori gi na tes in our pre vi -
ous struc tu ral stu dies of spe cial mi croe mul sions ba sed on
sim ple or ga nic al co hols that had been te sted as me dia for
bio ca taly tic synthe sis of al dehy des.1–5 In the se stu dies it
was rea li zed that mo le cu les in pu re sim ple al co hols, as
well as in pu re sim ple al dehy des, struc tu rally or ga ni ze
them sel ves due to their par tially amp hip hi lic cha rac ter.
Such mo le cu lar or ga ni za tion see med to go vern the struc -
tu re of al co hol-rich mi croe mul sions and was the re fo re as -
ses sed to be worthw hi le ex plo ring furt her. 

Du ring the last few years we ha ve in this man ner de -
ve lo ped a spe cial ap proach for the cal cu la tion of the
small-an gle scat te ring in ten si ties from the Mon te Car lo si -
mu la tion re sults, which we re then com pa red with the ex -
pe ri men tal da ta.6–8 For exam ple, we ha ve con duc ted nu -

me rous studies on the struc tu re of pu re sim ple al co -
hols6,7,9–11 and al dehy des.12 Es pe cially sim ple or ga nic al -
co hols are com monly used as co-sur fac tants in va ri ous
sur fac tant systems. De tai led in for ma tion on the mo le cu lar
or ga ni za tion in or ga nic li quids is the re fo re of very broad
in te rest and ge ne ral re le van ce. Our pre vi ous stu dies sho -
wed, among ot hers, that in ter mo le cu lar hydro gen bon ding
con si de rably af fects the struc tu re of such pu re li quids, as
was de mon stra ted by the qua li ta ti ve dif fe ren ce in the in -
ter mo le cu lar bon ding of al co hols (con tai ning the hydrox-
yl (–OH) group) and al dehy des (con tai ning the car bonyl
(–CO) group as a part of al dehy de (–CHO) group). Ex plo -
ring the struc tu ral si tua tion in a li quid con tai ning the car -
boxyl (–COOH) group, which com bi nes the pro per ties of
both men tio ned func tio nal groups, seems to be the next
lo gi cal step for ward. 

In the pre sent study we the re fo re aim to ob tain de -
tai led  struc tu ral in for ma tion on sim ple car boxy lic acids
from et ha noic to oc ta noic acid. For this pur po se, the acid
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mo le cu les we re mo del led uti li zing the trans fe rab le po ten -
tial for pha se equi li bria – uni ted atom (Tra PPE-UA) for ce
field13 and con fi gu ra tio nal bias Mon te Car lo (CBMC) si -
mu la tions we re per for med.14,15 The re sul ting MC con fi gu -
ra tions we re then used in the cal cu la tions of the X-ray
scat te ring in ten si ties, as des cri bed in to mo re de tail la ter in
the text. The ob tai ned theo re ti cal re sults we re then dis cus -
sed and com pa red to the ex pe ri men tal small-an gle X-ray
scat te ring (SAXS) da ta in the re gi me of scat te ring vec tor
0.3 < q < 25 nm–1, whe re q re pre sents the length of the
scat te ring vec tor q = 4π/λ · sin(ϑ/2), with λ being the wa -
ve length of the X-rays and ϑ the scat te ring an gle. 

2. Ex pe ri men tal and Met hods
2. 1. Ma te rials

Et ha noic, pro pa noic and oc ta noic acid we re purc ha -
sed from Sig ma-Al drich; bu ta noic, pen ta noic and he xa -
noic acid from Al drich and hep ta noic acid from Sig ma
(pu ri ties: et ha noic  ≥ 99.99 %, pro pa noic ≥ 99.5 %, bu ta -
noic ≥ 99 %, pen ta noic ≥ 99 %, he xa noic ≥ 99 %, hep ta -
noic ≥ 97 %, oc ta noic ≥ 99 %). Ba sed on our pre vi ous ex -
pe rien ce and tests, even up to 3 % of im pu ri ties do not
cau se a no ti ceab le de gra ding ef fect on the mea su re ments.
All purc ha sed com pounds ha ve been the re fo re used wit -
hout furt her pu ri fi ca tion.

2. 2. Small-An gle X-Ray Scat te ring 
Mea su re ments
Small-an gle X-Ray scat te ring spec tra we re mea su -

red with a “SAXS ess” eva cua ted high per for man ce SAXS
in stru ment (An ton Paar KG, Graz, Au stria), which was at -
tac hed to a con ven tio nal X-ray ge ne ra tor (Phi lips, Net her -
lands) equip ped with a sea led X-ray tu be (Cu Kα X-rays
with a wa ve length λ = 0.154 nm) ope ra ting at 40 kV and
50 m A. The sam ples we re mea su red at 25 °C in a stan dard
quartz ca pil lary for the SAXS ess camera with an ou ter
dia me ter of 1 mm and wall thick ness of 10 μm. A Fu ji
BAS 1800 2D-ima ging pla te de tec tion system with a spa -
tial re so lution of 50 × 50 μm per pi xel at a sample-to-de -
tec tor di stan ce of 265 mm was used. Af ter 30-mi nu te
mea su re ments the scat te ring da ta we re read off the ima -
ging pla te, then cor rec ted for the ab sorp tion of X-rays in
the sam ple and trans for med to the q sca le (pro gram
SAXSQ uant; An ton Paar KG, Graz, Au stria). The scat te -
ring in ten si ties we re furt her cor rec ted for the empty ca pil -
lary scat te ring and put to the ab so lu te sca le using wa ter as
a se con dary stan dard16 (pro gram PDH; PCG soft wa re, In -
sti tu te of Che mi stry, Graz, Au stria). Due to the li ne col li -
ma tion of the X-ray beam used in the mea su re ment, the
scat te ring cur ves we re still ex pe ri men tally smea red at this
point. To re co ver the true in ten si ties, we em plo yed a tech -
ni que des cri bed by Glat ter in the ar tic le on in di rect Fou -
rier trans formation of the scat te ring da ta.17 A set of ba se

func tions co ve ring the q-ran ge in que stion was con struc -
ted and the func tions we re sub se quently nu me ri cally
smea red uti li zing the width- and length-pro fi les of the 
X-ray beam. A li near least-squa res fit ting pro ce du re was
per for med to ob tain a set of coef fi cients that pro vi ded the
best fit of the smea red ba se func tions to the ex pe ri men tal
scat te ring cur ve. The de smea red in ten si ties we re fi nally
re co ve red by sum ming the set of ori gi nal ba se func tions
weigh ted with the coef fi cients ob tai ned in the pre vi ous
step.The fact that the length-pro fi le of the pri mary beam
was rat her nar row in com pa ri son to the broad q re gi me be-
ing co ve red by SAXS mea su re ments  ju sti fied such an ap -
proach for de smea ring of the ex pe ri men tal SAXS cur ves. 

2. 3. Mo del and Si mu la tion De tails 

The Tra PPE-UA (Trans fe rab le Po ten tial for Pha se
Equi li bria – Uni ted Atom) for ce field18–20 was used to mo -
del the or ga nic acids from et ha noic to oc ta noic. Due to the
uni ted-atom ap proach used by this for ce field, all hydro gen
atoms–ex cept the hydroxyl hydro gen–we re trea ted im pli -
citly as a part of their res pec ti ve CHX groups. The mo del
mo le cu les thus con si sted of a hydroxyl hydro gen atom, a
hydroxyl oxy gen atom (de no ted from he re on as O[OH]), a
car bonyl oxy gen atom (de no ted as O[CO]), a car bonyl car -
bon atom, and a va riab le num ber of CH2 pseu do-atoms,
fol lo wed by a ter mi nal methyl pseu do-atom.

The con fi gu ra tio nal bias Mon te Car lo (CBMC)14 si -
mu la tion tech ni que was used to ge ne ra te a num ber of in -
de pen dent con fi gu ra tions of the se acids in the NVT en -
semb le. The num bers of mo le cu les and the si de lengths of
the si mu la tion bo xes we re as fol lows: et ha noic acid (500,
36.22 Å), pro pa noic acid (500, 39.58 Å), bu ta noic acid
(500, 42.40 Å), pen ta noic acid (500, 45.01 Å), he xa noic
acid (500, 47.15 Å), hep ta noic acid (500, 49.01 Å) and oc -
ta noic acid (500, 50.86 Å).

A sphe ri cal trun ca tion at 14 Å was used for the Len -
nard-Jo nes part of the po ten tial, and analy ti cal cor rec tions
for the tail we re em plo yed. The Ewald sum ma tion was
used for the long-ran ge Cou lom bic in te rac tions with the
sum ma tion ran ge in re ci pro cal spa ce κmax = 5 and the
Ewald con ver gen ce pa ra me ter κα = 5.6. Three types of
Mon te Car lo steps we re used (re la ti ve pro ba bi li ties of their
usa ge are gi ven in brac kets): con fi gu ra tio nal bias par tial
mo le cu le re growth (40%), cen ter-of-mass mo le cu le tran -
sla tion (30%), and ro ta tion about cen ter-of-mass (30%).
Ma xi mum dis pla ce ments for the lat ter two we re au to ma ti -
cally ad ju sted du ring equi li bra tion to yield 50% ac cep tan -
ce ra tios. Each system was equi li bra ted for 30,000 cycles
(one cycle con si sted of the sa me num ber of Mon te Car lo
steps as the re we re mo le cu les in the system), fol lo wed by a
pro duc tion run of 30,000 cycles. Du ring this run, a snaps -
hot of par tic le coor di na tes was sa ved every 300 cycles and
the re sul ting 100 con fi gu ra tions we re la ter used to cal cu la -
te the scat te ring in ten si ties, par tial ra dial di stri bu tion func -
tions and for the sta ti sti cal analy sis.
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All si mu la tions we re per for med with the MCCCS
Tow hee Mon te Car lo si mu la tion co de, ver sion 6.2.12.21

2. 4. Cal cu la tion of the Scat te ring Inten si ties

X-ray scat te ring in ten si ties we re cal cu la ted from the
si mu la tion re sults via the com ple men ted system ap proach.8

This re cently de ve lo ped met hod em ploys a di rect ap pli ca -
tion of the Deb ye equa tion22 to the par tic le po si tions, com -
bi ned with an analy ti cal com ple men tary term that ac counts
for the fi ni te ness of the si mu la tion box. As a con se quen ce,
no in ter me dia te re sults and/or bin ning are ne ces sary and the
re sul ting ab so lu te in ten si ties cor res pond as clo sely as pos -
sib le to the struc tu re of the si mu la ted systems.

The fol lo wing equa tion was used to cal cu la te the
dif fe ren tial scat te ring cross-sec tion per unit vo lu me,
dΣ/dΩ (so me ti mes al so cal led the ab so lu te in ten sity):

(1)

The first term in the right-hand si de of the abo ve equa tion
is the Deb ye equa tion: V is the vo lu me of the si mu la ted
system, re is the clas si cal elec tron ra dius (2.81794 ×
10–15 m), N is the num ber of par tic les in the system, in di ces
j and k de no te the j-th and the k-th par tic le, fj(q) and fk(q)
are their res pec ti ve ato mic form fac tors, Rjk the di stan ce
bet ween them, rc the cut-off di stan ce (rc = L/2 with L being
the si de length of the si mu la tion box) and H(r) is the Hea -
vi si de step func tion. For true atoms, the ato mic form fac -
tors we re cal cu la ted using an analy ti cal ex pres sion and ta -
bu la ted coef fi cients,23 whe reas for the uni ted atoms, the
form fac tors we re ap pro xi ma ted with the help of the Deb -
ye equa tion.7 The an gled brac kets de no te the ca no ni cal
ave ra ge which was per for med in this ca se by ave ra ging the
re sults over all the con fi gu ra tions sa ved du ring the si mu la -
tion. The se cond term re pre sents the ave ra ge sur roun dings
of each par tic le: T is the num ber of par tic le types in the
system, ρA is the num ber den sity of par tic les of the A-th
type and δ(q) is the Di rac del ta func tion.

The lo wer bound for the q-sca le in each cal cu la tion
was de ter mi ned from the si de length of the si mu la tion
box: qmin = 2π/(L/2) whe re qmin is the mi ni mum q used in
the cal cu la tion.

3. Re sults and Dis cus sion
3. 1. Ex pe ri men tal and Theo re ti cal X-Ray

Scat te ring Cur ves

Both the ex pe ri men tal scat te ring in ten si ties and the
scat te ring cur ves cal cu la ted from the CBMC si mu la tions

are shown in Figure 1. The ex pe ri men tal scat te ring cur ves
fea tu re two peaks: the hig her peak re si des at the va lue of 
the scat te ring vec tor q ≈ 1.4 Å–1 and is re la ti vely in de pen -
dent of the chain length, whe reas the lo wer peak is si tua ted
at about q ≈ 1.0 Å–1 for et ha noic acid and pro gres ses to -
wards lo wer va lues as the mo le cu le si ze in crea ses (for oc -
ta noic acid, the peak is found at q ≈ 0.4 Å–1). To es ti ma te
the cor re la tion lengths that gi ve ri se to the se two peaks, the
cha rac te ri stic real-spa ce di stan ces ro can be cal cu la ted us-
ing the re la tion ro = 2π/q. The re ci pro cal di stan ce of q ≈
1.4 Å–1 (i.e., the po si tion of the hig her peak) thus tran sla tes
in to the real-space di stan ce of ap pro xi ma tely 4.5 Å. Such a
di stan ce is usually in ter pre ted as an ef fec ti ve ave ra ge di -
stan ce bet ween the mo le cu les and the emer gen ce of a si mi -
lar peak in many ot her systems (al co hols, al dehy des, ke to -
nes) con firms that this is in deed the ca se. As shown in Fi -
gu re 2, the cor re la tion lengths cor res pon ding to the smal ler
(in ner) peak lie in the ran ge from about 6 Å for et ha noic to
ap pro xi ma tely 15 Å for oc ta noic acid and their re la tions -
hip to the num ber of car bon atoms in the mo le cu le is found
to be al most per fectly li near. In or der to in ve sti ga te a pos -
sib le re la tion bet ween the se cor re la tion lengths and the
true lengths of the mo le cu les, a set of geo me try op ti mi za -

Fi gu re 1. SAXS cur ves of or ga nic acids from et ha noic (bot tom) to
oc ta noic (top). Ex pe ri men tal re sults are drawn in black co lour and
the scat te ring cur ves cal cu la ted from the si mu la tion da ta in red.
The cur ves from pro pa noic acid on are shifted up wards by mul ti -
ples of 0.2 cm–1 for the sa ke of cla rity. 
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tions we re per for med in va cuo, uti li sing the se miem pi ric
met hod PM3. The re sul ting di stan ces bet ween the CH3
pseu do a tom and the hydroxyl oxy gen atom we re mea su -
red and again plot ted ver sus the num ber of car bon atoms in
the mo le cu le (see Figure 2). In te re stingly, this re la tion al so
tur ned out to be li near, with the slo pe slightly smal ler, but
still very si mi lar as in the ca se of the re la tions hip bet ween
the cor re la tion lengths and the num ber of car bon atoms.
This si mi la rity pre sents strong evi den ce that the cha rac te ri -
stic di stan ce of the cor re la tion from which the in ner peak
ari ses cor res ponds to the di stan ce bet ween so me sig ni fi -
cant points on the mo le cu les: as the mo le cu le si ze in crea -
ses, so does the se pa ra tion of such points in the system. Gi -
ven that the func tio nal groups are the only points of strong
scat te ring con trast in the mo le cu les, we conc lu de that the
cor re la tions bet ween them are the most pro bab le cau se for
the emer gen ce of the in ner peak.

The agree ment bet ween the ex pe ri men tal and si mu -
la ted scat te ring cur ves is not as good as had been ex pec ted
from our pre vi ous re sults on al co hols6,7 and al dehy des.12

Es pe cially in the ca se of shor ter mo le cu les (pro pa noic to
bu ta noic acid), the si mu la tion tends to ove re sti ma te the
ou ter (lar ger) peak and to un de re sti ma te the in ner one. Al -
so, the pre dic ted po si tion of the ou ter peak dif fers from
the ex pe ri men tally de ter mi ned va lue. In fact, the po si tion
of the scat te ring peak is much mo re in di ca ti ve in re la tion
to the ac tual struc tu re than t he ab so lu te peak height, be -
cau se it ref lects t he cha rac te ri stic di stan ces, cor re la tion
lengths and ot her struc tu ral fea tu res in the sam ple. At a gi -
ven si ze of the lo cal struc tu re which gi ves ri se to the scat -
te ring peak at a spe ci fic po si tion, the height of the peak
de pends mainly on the scat te ring con trast of this struc tu re
against the sur roun dings. Di sa gree ment bet ween the ex -
pe ri men tal and cal cu la ted heights of the peak thus stems

from an inac cu ra te va lue of the scat te ring con trast used in
the theo re ti cal cal cu la tions. Ho we ver, a so mew hat poo rer
ac cu racy in matc hing the mo del and ac tual scat te ring con -
trasts does not ha ve a sig ni fi cant ef fect on the po si tions of
the peaks in the q-sca le, from which the main struc tu ral
cha rac te ri stics can be de du ced.

From pen ta noic acid on, the agree ment with ex pe ri -
ment im pro ves con si de rably, alt hough the po si tion of the
ou ter peak re mains shif ted. This sug gests that the cau se of
the poor agree ment might lie in the for ce field’s treat ment
of the in te rac tions bet ween the func tio nal groups, sin ce
their inf luen ce on the struc tu re of the li quid is grea test
when the mo le cu les are short. As the length of the mo le -
cu les in crea ses, the in te rac tions bet ween the non po lar car -
bon chains gain sig ni fi can ce and the inf luen ce of the in te -
rac tions bet ween the func tio nal groups di mi nis hes.

Alt hough the mo dest agree ment bet ween the nu me -
ri cal and ex pe ri men tal re sults re strains us from dra wing a
firm pa ral lel bet ween the true and si mu la ted systems, the
re sults are any way worth exa mi ning, if only with the in -
tent of iden tif ying the pos sib le cau ses of the for ce field’s
poor per for man ce in pre dic ting the struc tu re of or ga nic
acids on the mo le cu lar le vel.

3. 2. Par tial Radial Di stri bu tion Func tions 

In ter mo le cu lar par tial ra dial di stri bu tion func tions
(PRDFs) we re cal cu la ted from the con fi gu ra tions sa ved
du ring the si mu la tion. Each type of (pseu do-) atom was
con si de red to be its own en tity. To keep the num ber of dis -
pla yed par tial ra dial di stri bu tion func tions ma na geab le
and to con cen tra te our in quiry on the set of the in ter mo le -
cu lar in te rac tions that we deem most im por tant, we will
con strain our pre sen ta tion to the par tial ra dial di stri bu tion
func tions in vol ving eit her the hydroxyl hydro gen atom or
the car bonyl oxy gen atom in the pro pa noic acid mo le cu le
as de pic ted in Figure 3 and 4.

Fi gu re 2. Cor re la tion lengths cal cu la ted from the po si tion of the in -
ner peak on the scat te ring cur ve (full circles) and mo le cu le lengths
(di stan ces from CH3 to O[OH]) cal cu la ted in va cuo by the se miem -
pi ric met hod PM3 (stars). A con stant off set of 4.0 Å was ad ded to
the mo le cu le lengths to fa ci li ta te the com pa ri son; the con stant was
se lec ted so as to ma ke the points for et ha noic acid coin ci de.

Fi gu re 3. Par tial ra dial di stri bu tion func tions of the hydro gen atom
in the pro pa noic acid mo le cu le. 
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The most pro mi nent fea tu re seen on both fi gu res is
the strong first peak on the PRDF of the pair H-O[CO].
Lo ca ted at an oxygen-to-hydro gen di stan ce of 1.8 Å, it is
a typi cal sign of hydro gen bon ding. Ob ser ving the po si -
tions of the peaks in Figure 4, one can see how the hydro -
gen bond dic ta tes the mu tual orien ta tion of the mo le cu les:
the hydro gen atom ma kes the clo sest ap proach to the
O[CO] atom, af ter which the rest of the atoms fol low in
the sa me or der as they ap pear in the mo le cu le: O[OH],
then O[CO] and C (at ap pro xi ma tely the sa me di stan ce),
fol lo wed by CH2 and CH3. The who le mo le cu le thus ori-
ents in such a way as to enab le the for ma tion of the hydro -
gen bond. The ef fect of such a strong in ter mo le cu lar cor -
re la tion is al so ref lec ted in the fact that the PRDFs do not
re turn to their ave ra ge va lue of one un til the di stan ce of
ap pro xi ma tely 10 Å.

Figure 3 al so re veals anot her, rat her pe cu liar, fact.
Sin ce the car boxyl func tio nal group con tains two oxy gen
atoms ca pab le of for ming hydro gen bonds,24 one would
ex pect the sha pes of the PRDFs H-O[CO] and H-O[OH]
to be si mi lar (very high first peak at a re la ti vely short di -
stan ce). Ho we ver, the lat ter shows al most no signs of
hydro gen bon ding and its ma xi mum va lue is even ex cee -
ded by a few ot her PRDFs. At r ≈ 2 Å, a small unex pres -
sed peak can be ob ser ved, which in di ca tes that at least a
few hydro gen bonds may ha ve been es tab lis hed via this
atom. Ne vert he less, the peak va lue is mar kedly less than
one, whe reas it would be or di na rily ex pec ted to greatly
ex ceed one. This dis cor dan ce leads us to be lie ve that the
for ce field had sig ni fi cantly un de re sti ma ted one of the
main types of cor re la tions in the system, which might well
be the rea son for the poor agree ment bet ween the ex pe ri -
men tal and nu me ri cal re sults.

To check whet her the rest of the si mu la ted systems
al so suf fer from the sa me de fi ciency, a set of H-O[OH]
PRDFs for acids from et ha noic to oc ta noic is com pa red in
Figure 5 and a set of H-O[CO] PRDFs for the sa me sys-

tems in Figure 6. It is evi dent, des pi te the dif fe ring ab so lu -
te va lues of the func tions wit hin each set, that their sha pes
do not al ter much with the chan ging mo le cular length.
Most im por tantly, the pro por tion of the small peak at r ≈
2 Å on the PRDF for the pair H-O[OH] to the lar ge peak
on the PRDF for the pair H-O[CO] al so does not chan ge
sig ni fi cantly. This means that the hydro gen bonds in vol -
ving the  car bonyl oxy gen atom re main do mi nant in re la -
tion to tho se in vol ving the hydroxyl oxy gen. Un de re sti -
ma tion of the lat ter type of hydro gen bon ding is the re fo re
a prob lem of the qua lity of the mo del, as it is ob ser ved for
all of the in ve sti ga ted mo le cu les re gard less of their chain
length. This al so con firms that the most pro bab le cau se
for the im pro ve ment in the agree ment bet ween the ex pe ri -
men tal and nu me ri cal re sults of lon ger mo le cu les is that,
as the mo le cu le length in crea ses, the in te rac tions bet ween
the func tio nal groups play an in crea singly smal ler ro le,

Fi gu re 4. Par tial ra dial di stri bu tion func tions of the car bonyl oxy -
gen atom in the pro pa noic acid mo le cu le. 

Fi gu re 5. Par tial ra dial di stri bu tion func tions H-O[OH] for or ga nic
acids from et ha noic to oc ta noic 

Fi gu re 6. Par tial ra dial di stri bu tion func tions H-O[CO] for or ga nic
acids from et ha noic to oc ta noic.
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whi le the in te rac tions bet ween the non po lar chains be gin
to con trol the ove rall struc tu re of the li quid.

3. 3. Mo le cu lar Ag gre ga tion 

Par tial ra dial di stri bu tion func tion H-O[CO] pre sen -
ted in Figure 4 can be con ve niently used to de fi ne an as so -
cia tion cri te rion, i.e., to de fi ne the con di tion un der which
two mo le cu les are con si de red bon ded. Sin ce the first peak
of the func tion re pre sents the hydro gen-bon ded pairs, a
sui tab le con di tion would be that the H-O[CO] di stan ce
bet ween the mo le cu les fall wit hin it. This de fi ni tion brings
with it an am bi guity about what exactly is con si de red the
ma xi mum di stan ce that still falls wit hin the peak. The di -
stan ce whe re the peak at tains its ma xi mum va lue is clearly
in suf fi cient for that pur po se, sin ce al most one half of the
pairs (tho se with di stan ces even slightly lar ger than this)
would be left out. Anot her two pos si bi li ties would be eit -
her the point whe re the func tion first re turns to the va lue of
one or the di stan ce of the first mi ni mum af ter the peak. In
the ca se of or ga nic acids, both are unam bi gu ous, but in ot -
her systems, they are of ten not, which has led us to anot her
de fi ni tion that can be used uni ver sally: the ma xi mum pair
di stan ce bet ween the atoms of the as so cia ted mo le cu les is
the di stan ce of the first point of inf lec tion af ter the first ma -
xi mum on the par tial ra dial di stri bu tion func tion.

For pro pa noic acid, the ma xi mum pair di stan ce H-
O[CO] was de ter mi ned to be 1.98 Å; this is a typi cal re -
sult for this set of acids, sin ce the va lues for ot her in ve sti -
ga ted com pounds all fell in the ran ge from 1.97 Å to
2.02 Å. The re sults of the sta ti sti cal analy sis of the sa ved
con fi gu ra tions are shown in Figure 7. In prin ci ple, the
pairs with H-O[OH] hydro gen bonds should al so ha ve
been inc lu ded in the analy sis, but their num ber is so low
(only about 4% of the mo le cu les form this type of bond)
that the re sults would not be al te red ap pre ciably.

As we can see from Figure 7, only about one third of
the mo le cu les are not in vol ved in hydro gen bon ding; the
rest of them are di stri bu ted wit hin ag gre ga tes of va ri ous
si zes, with no tab le bias to wards the smal ler ones. Of the -
se, mo le cu lar pairs tend to be the most fre quent-in fact,
the ma jo rity of the mo le cu les can be found in such a con -
fi gu ra tion. The rea son for their fa vou ra bi lity is their ca pa -
bi lity of es tab lis hing two hydro gen bonds wit hin a sin gle
pair and thus for ming a doubly con nec ted pair. Ho we ver,
such pairs are re la ti vely “clo sed” with res pect to the for -
ma tion of ad di tio nal hydro gen bonds, with con se quently
lo wer fre quen cies of ag gre ga tes com pri sing three or mo re
mo le cu les. From that point on, the di stri bu tion as su mes an
ex po nen tial sha pe (which shows as a li near de crea se on
the lo ga rith mic sca le in Figure 7).

The hi sto gram al so shows the frac tions of mo le cu les
found in ag gre ga tes that con tain at least one cyclic part.
Such struc tu res are re la ti vely scar ce: only ag gre ga tes with
three and four mem bers are pre sent in sig ni fi cant
amounts. Of the lat ter, vir tually all are the true cyclic
struc tu res (as op po sed to a com bi na tion of cyclic and li -
near parts). Typi cal exam ples of a three-mem be red and
four-mem be red cyclic ag gre ga te are shown in Figure 8
and 9. Ob vi ously, the struc tu re of the three-mem be red cy-
cle is much sim pler, as the sha pe of the mo le cu les al lows
it to be nearly pla nar. The four-mem be red cycle, on the ot -
her hand, can not be for med in a sin gle pla ne and the re fo re
needs to as su me a mo re com pli ca ted con fi gu ra tion. This
dif fe ren ce al so ac counts for the pre va len ce of the three-
mem be red cycles over four-mem be red ones.

4. Conc lu sions
In this study, we ha ve ex ten ded our re search on the

struc tu ral pro per ties of sim ple or ga nic li quids to the sys-
tems of or ga nic acids. Sur pri singly, the agree ment bet -

Fi gu re 7. Hi sto grams of the frac tion of pro pa noic acid mo le cu les
ver sus the ag gre ga te si ze (oran ge) and the frac tion of pro pa noic
acid mo le cu les in ag gre ga tes that con tain at least one clo sed cycle
(green). 

Fi gu re 8. A typi cal cyclic ag gre ga te for med by three mo le cu les of
pro pa noic acid. Hydro gen bonds are drawn in oran ge co lour. 
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ween the ex pe ri men tal and si mu la ted X-ray scat te ring
cur ves was so mew hat poo rer than in the ca se of al co -
hols6 and al dehy des,12 par ti cu larly in shor ter mo le cu les.
Jud ging from the par tial ra dial di stri bu tion func tions ob -
tai ned from the sa ved Mon te Car lo con fi gu ra tions, we
ha ve good rea son to be lie ve that the dis cre pancy ori gi na -
tes in the for ce field’s treat ment of the hydro gen bonds
in vol ving the hydroxyl oxy gen atom. Whi le the par tial
ra dial di stri bu tion func tion for hydroxyl hydro gen and
car bonyl oxy gen shows a strong peak that re semb les the
one found in al co hols, the re is no such fea tu re seen on
the par tial ra dial di stri bu tion func tion of hydroxyl
hydro gen and hydroxyl oxy gen. In stead, only a small,
ba rely re cog nizab le peak is pre sent. By the means of a
sta ti sti cal analy sis, it was re vea led that only about 4% of
the mo le cu les form such a bond-in con trast to the 68%
of mo le cu les that are hydro gen-bon ded via the car bonyl
oxy gen. Alt hough the strength and fre quency of hydro -
gen bonds can vary bet ween the va ri ous pairs of atoms
ca pab le of for ming it, we feel that this dif fe ren ce is, ne -
vert he less, too lar ge.

For si mu la tions of pha se equi li bria of or ga nic acids,
the Tra PPE-UA for ce field seems to re main a re liab le choi -
ce,20,25 sin ce its pri mary aim is (as the na me sug gests) to
pro vi de the best pos sib le pre dic tions in that res pect. For si -
mu la tions wan ting to re pro du ce the cor rect struc tu re of
sim ple or ga nic acids in the bulk, ho we ver, we deem that
ot her (pos sibly all-atom) for ce fields should be gi ven a try.
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Povzetek
V pri~ujo~em de lu smo teo rij ske in eks pe ri men tal ne ra zi ska ve struk tu re ne ka te rih pre pro stih or gan skih te ko~in, ki smo
ji opra vi li v prej{njih ra zi ska vah, raz{iri li {e na pre proste or ganske ki sline. Or gan ske ki sli ne od eta noj ske do ok ta noj ske
smo mo de li ra li na os no vi po lja sil Tra PPE-UA in iz ved li po se ben tip kon fi gu ra cij sko us mer ja nih si mu la cij Mon te Car -
lo (MC) (angl. »con fi gu ra tio nal bias Mon te Car lo si mu la tions«). Shra nje ne MC-kon fi gu ra ci je smo upo ra bi li za izra~un
in ten zi tet oz kokot ne ga rent gen ske ga si pa nja in par skih po raz de li tve nih funk cij ter za sta ti sti~no ana li zo po jav lja nja mo -
le kul skih gru~ (agre ga tov) v teh si ste mih. Izra~una ne si pal ne funk ci je smo na to pri mer ja li z eks pe ri men tal ni mi re zul ta -
ti rent gen ske ga si pa nja. Uje ma nje teo rij skih na po ve di si pa nja z eks pe ri men tal ni mi re zul ta ti je bi lo ne ko li ko slab{e kot v
pri me ru al ko ho lov in al de hi dov, ki smo jih obrav na va li v prej{njih ra zi ska vah, se je pa ne ko li ko iz bolj{eva lo z dalj{an -
jem og lji ko ve ve ri ge v mo le ku lah ki slin. Ugo to vi li smo, da ima jo vo di ko ve ve zi med hi drok sil ni mi vo di ko vi mi ato mi in
ato mi ki si ka kar bo nil nih sku pin po mem ben vpliv na struk tu ro te ko~ih or gan skih ki slin, med tem ko je vlo ga vo di ko vih
ve zi, ki vklju~uje jo a to me ki si ka hi drok sil nih sku pin, ne pri mer no manj{a. Sta ti sti~na ob de la va teo rij skih re zul ta tov je
na mre~ po ka za la, da se s to vrst ni mi vo di ko vi mi vez mi po ve zu je le oko li 4 % mo le kul ki slin, med tem ko je oko li 68 %
mo le kul ki slin po ve za nih z vo di ko vi mi vez mi pre ko ato mov ki si ka kar bo nil nih sku pin. Dejs tvo, da je med izra~una ni mi
in eks pe ri men tal ni mi re zul ta ti rent gen ske ga si pa nja ne kaj od sto pa nja, na ka zu je, da so vo di ko ve ve zi pre ko ki si ko vih
ato mov hi drok sil nih sku pin v upo rab lje nem mo de lu ver jet no pod ce nje ne. Sta ti sti~na ana li za mo del nih re zul ta tov je po -
ka za la tu di, da se mo le ku le ki slin  po ve zu je jo ve~ino ma v manj{e mo le kul ske skup ke – naj po go ste je je naj ti  mo le kul ske
pa re, v ka te rih sta ki slin ski mo le ku li po ve za ni z dve ma vo di ko vi ma ve ze ma hkra ti.


