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Неорганическая химия 
 
УДК 544.015.3 
 
МОДИФИЦИРОВАНИЕ СМАЗОЧНО-ОХЛАЖДАЮЩЕЙ ЖИДКОСТИ 
ФУНКЦИОНАЛИЗИРОВАННЫМИ УГЛЕРОДНЫМИ 
НАНОТРУБКАМИ 
 
И.А. Макарова, М.В. Бузаева, О.А. Давыдова, Е.С. Климов 
Ульяновский государственный технический университет, г. Ульяновск  
 
 

Проведено модифицирование смазочно-охлаждающей жидкости функционализи-
рованными многостенными углеродными нанотрубками с привитыми на поверхности 
карбоксильными группами и четвертичными аммониевыми солями. Модифицирование 
приводит к повышению устойчивости жидкости к биопоражению.  

Ключевые слова: смазочно-охлаждающая жидкость, функционализация, много-
стенные углеродные нанотрубки, биопоражение. 

 
 

Введение 
Большинство современных технологических процессов обработки металлов в машинострои-

тельных и металлургических производствах невозможно без применения смазочно-охлаждающих 
жидкостей (CОЖ), способствующих существенному увеличению стойкости инструмента, повы-
шению производительности и качества обработки. СОЖ в виде водных эмульсий применяется на 
операциях точения, сверления, шлифования углеродистых и легированных сталей.  

Основой для СОЖ служат минеральные  масла различного строения. В качестве добавок исполь-
зуют синтетические эфиры, растительные и животные масла, эмульгаторы, спирты, бактерициды, 
высокомолекулярные адгезивы. В процессе использования СОЖ теряет свои технологические свой-
ства: загрязняется инородными маслами, соединениями металлов, продуктами разложения, подверга-
ется биопоражению [1].  Отработанные СОЖ остаются одним из главных источников загрязнения 
окружающей среды – концентрация нефтепродуктов в них достигает 90100 г/дм3.   

Недостатками СОЖ являются невысокие антикоррозионные свойства в отношении черных 
металлов, низкие трибологические свойства. К основному недостатку  следует отнести невысо-
кую стойкость эмульсии, в результате чего при хранении и в процессе эксплуатации СОЖ рас-
слаивается, подвергается биологическому поражению. При этом образуется огромное количество 
опасных нефтесодержащих отходов.  

Защита смазочно-охлаждающих жидкостей от микробиологического поражения является 
чрезвычайно острой проблемой. Бактерии разрушают поверхностно-активные вещества, СОЖ 
становится непригодной для дальнейшего использования. При этом поражаются все виды СОЖ, 
но особенно водомасляные эмульсии.  

Выходом из сложившейся ситуации может быть повышение устойчивости СОЖ введением в 
эмульсию углеродных нанотрубок, которые имеют большую удельную поверхность и малые 
размеры частиц, что позволит связать на молекулярном уровне компоненты СОЖ в устойчивую 
коллоидную систему.  

Углеродные нанотрубки стоят в ряду наиболее перспективных наноматериалов благодаря 
своим уникальным свойствам, обеспечивающим возможность их применения в различных облас-
тях науки и техники [2]. В настоящее время проводятся интенсивные исследования как по изуче-
нию физико-химических свойств нанотрубок, так и по поиску областей их применения.  

В связи с этим представляется перспективным получение бактерицида с улучшенными свой-
ствами на основе функционализированных углеродных нанотрубок. Публикации, посвященные 
модифицированию эмульсий СОЖ наноматериалами, в настоящее время немногочисленны, хотя 
имеющиеся в литературе сведения позволяют считать это направление актуальным и необходи-
мым [3]. 
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Экспериментальная часть 
Синтез углеродных нанотрубок 
Синтез многостенных углеродных нанотрубок (МУНТ) проводили  в токе аргона методом 

химического осаждения из паровой фазы с использованием металлоорганических соединений 
(метод MOCVD) на разработанной нами  экспериментальной установке, которая включала  две 
горизонтальные трубчатые печи (испаритель ферроцена и печь для осаждения МУНТ с изотер-
мической зоной 200 мм) [4]. В качестве прекурсоров использовали толуол и ферроцен.  Осажде-
ние МУНТ проводили в цилиндрическом кварцевом реакторе с размещенными внутри цилинд-
рическими кварцевыми вкладышами.  

Для всех операций с МУНТ их предварительно размельчали в механическом гомогенизаторе. 
При необходимости проводили ультразвуковую обработку (лабораторная установка «ИЛ 100-
6/4», частота 22 кГц) в изопропиловом спирте или воде. 

Функционализация МУНТ в присутствии сильных кислот 
В колбу помещали 4,0 г МУНТ, приливали 200 мл смеси концентрированных серной и азот-

ной кислот в объемном соотношении (3:1).  Смесь при постоянном перемешивании нагревали 
при  90 °С в течение 70 мин. Полученную суспензию отфильтровывали, промывали дистиллиро-
ванной водой до отсутствия в фильтрате реакции на сульфат-ионы. После высушивания масса 
вещества составила 2,8 г.  

Прививка на поверхности МУНТ полярных групп (ОН, С=О, СООН) обработкой кисло-
тами обычно проводится по максимальному накоплению карбоксильных групп на поверхности 
трубок.  

 Количество химически привитых на поверхности карбоксильных групп определяли потен-
циометрическим титрованием. Количество карбоксильных групп составило 4 % [5].  

Функционализация МУНТ прививкой азотсодержащих групп 
К 1,0 г функционализированных МУНТ (ф-МУНТ) добавляли 0,5 г триэтаноламина, смесь 

перетирали до получения однородной массы, добавляли 50 мл воды. Суспензию при перемеши-
вании нагревали в течение часа при температуре не более 80 оС. После окончания реакции полу-
ченную смесь отфильтровывали, промывали водой, высушивали при 100 оС. 

Для использования в качестве бактерицидной присадки 0,11,0 г сухого продукта дисперги-
ровали под действием ультразвука (5 мин) в  50 мл воды. Для введения в композицию СОЖ бра-
ли из расчета 5 мл суспензии на 1000 мл эмульсии СОЖ, что соответствует массовой концентра-
ции 0,010,1 %. 

Смазочно-охлаждающая жидкость 
Для практических исследований использовали СОЖ марки  «АРС-21» (г. Сызрань). Свеже-

приготовленная СОЖ представляет собой 3 % водную эмульсию, содержащую минеральное мас-
ло, эмульгатор, ингибитор коррозии, бактерицидную и другие присадки. 

Основные характеристики СОЖ изучали согласно нормативной документации: ГОСТ 2917-76. 
Масла и присадки. Метод определения коррозионного воздействия на металлы; ГОСТ 9.085-78. 
Методы испытаний на биостойкость смазочно-охлаждающих жидкостей; ГОСТ Р 51779-2001. 
Жидкость смазочно-охлаждающая. Стабильность; ТУ 0258-142-057-44685-95. Масла и присадки. 
Методы определения рН. 

Определение степени микробиологического поражения СОЖ проводили с помощью индика-
тора 2,3,5-трифенилтетразолия хлористого (ТТХ) по интенсивности окраски (ГОСТ 9.085-78). 

В пробирки отбирали по 9 мл эмульсии, добавляли по 1мл 0,5 % раствора ТТХ, перемешива-
ли, выдерживали в термостате при 30 °С в течение 24 ч. По наличию и интенсивности окраски 
определяли балл микробиологического поражения. 

Физико-химические методы анализа 
Топологию поверхности МУНТ изучали на сканирующем электронном микроскопе Phenom 

pro X с высоким разрешением.  
 
Результаты и обсуждение 
В ходе синтеза МУНТ осаждаются на цилиндрическом кварцевом вкладыше в виде макроци-

линдра, поверхность которого состоит из жгутов, сформированных из длинных нитей, образо-
ванных многостенными углеродными нанотрубками (рис. 1).  
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Рис. 1. СЭМ-микрофотография жгутов  многостенных углеродных нанотрубок 

 
Диаметр большей части нанотрубок 4090 нм, длина составляет десятки нм. При ультразвуко-

вой обработке происходит расщепление жгутов и дробление нитей на более короткие фрагменты.  
Углеродные нанотрубки склонны к образованию агломератов, что затрудняет их введение в 

композиционные материалы. Для придания необходимых технологических свойств (совмести-
мость с матрицей материала, образование устойчивой дисперсии) МУНТ модифицируют различ-
ными способами. Наиболее эффективным приемом является функционализация МУНТ при обра-
ботке сильными кислотами, приводящая к прививке на поверхности трубок полярных карбок-
сильных, карбонильных и гидроксильных групп (COOH, CO, OH). В результате модифици-
рования образуется микродисперсная однородная поверхность с более короткими фрагментами 
ф-МУНТ.    

Водоэмульсионная смазочно-охлаждающая жидкость «АРС-21» представляет собой сбалан-
сированную смесь, содержащую минеральное масло, эмульгатор, ингибитор коррозии, бактери-
цидную и другие присадки, придающие рабочему раствору СОЖ необходимые свойства (табл. 1). 

 
Таблица 1 

Компонентный состав СОЖ марки «АРС-21» 

№ 
п/п 

Наименование компонентов 
«АРС-21» Содержание в 3 % эмульсии, г/л 

1 Масло индустриальное И-12 10,0 
3,0 
3,6 
3,0 

2 Кислота олеиновая 
3 Карбомол  
4 Триэтаноламин 
5 Присадки 0,5 
 Вода  Остальное до 1 л  

 
В качестве бактерицида в состав СОЖ вводится карбомол (производное мочевины), ос-

тальные присадки – противоизносные, антикоррозионные, антипенные и другие.  
Основные технологические свойства СОЖ представлены в табл. 2.  

Таблица 2 
Свойства 3% эмульсии СОЖ 

Показатель Эмульсия «АРС-21» 
рН 7,1 

Стабильность на жесткой воде (мм) 3,0 
Коррозионная агрессивность  2,0 (низкая) 
Биопоражение, 48 ч (баллы) 0 

 
Для подавления роста микроорганизмов в СОЖ предложено довольно много методов – фи-

зических (ультрафиолетовое, электромагнитное и ионное облучение, термопастеризация, ультра-
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звуковая обработка), химических (биоцидная обработка), механических (фильтрование, центри-
фугирование). Наиболее распространены химические методы.  

В качестве бактерицидных добавок в композицию СОЖ дополнительно вводятся химиче-
ские соединения: амиды, амины, четвертичные аммониевые соли. В этом плане представлялось 
перспективным функционализировать МУНТ четвертичной аммониевой солью, образованной ф-
МУНТ и триэтаноламином. 

 Поверхность функционализированных МУНТ способна за счет карбоксильных групп хи-
мически связываться с компонентами СОЖ, в частности  с триэтаноламином (схема 1):  

 
МУНТС(О)–О Н+  +   :N(СН2СН2ОН)3  →                                 (1) 
→   МУНТС(О)О НN+(СН2СН2ОН)3 

 
Реакция образования четвертичной аммониевой соли на поверхности  ф-МУНТ  протекает  за 

счет неподеленной пары электронов на атоме азота  и протона карбоксильной группы. 
Триэтаноламин  вводится в СОЖ для образования эмульгатора. Он образует с олеиновой ки-

слотой (компонент СОЖ) так называемое «этаноламинное мыло»  поверхностно-активный 
эмульгатор, обеспечивающий устойчивость эмульсии на границе раздела фаз «масло – вода» 
(схема 2):   
 

 С17Н33С(О)ОН+   +   :N(СН2СН2ОН)3  →                                   (2) 
→    С17Н33С(О)ОНN+(СН2СН2ОН)3 

 
 Поверхность МУНТ с привитыми фрагментами триэтаноламина, входящего в состав СОЖ, 
должна выполнять одновременно и роль эмульгатора, и роль бактерицидного средства, посколь-
ку  четвертичные аммониевые соли являются хорошими бактерицидами. На рис. 2 представлено 
схематическое изображение ф-МУНТ с фрагментом четвертичной аммониевой соли, образован-
ной триэтаноламином и карбоксильной группой (ТЭА-МУНТ).  

Рис. 2. Схематическое изображение ТЭА-МУНТ 
 

Диспергирование МУНТ в СОЖ проводили при ультразвуковой обработке смеси в течение 
15 мин в зависимости от концентрации МУНТ: 0,01; 0,05; 0,1 % (по массе).  

За счет физического и химического связывания образуется устойчивая дисперсионная систе-
ма с равномерным распределением углеродных нанотрубок в объеме СОЖ. 

Действие бактерицидов основано на образовании кислой среды, наличие которой подавляет 
рост микроорганизмов. В частности, кислотность одного из эффективных бактерицидов «Со-
фекс», рН = 3,1. 

Кислотный показатель эмульсии СОЖ «АРС-21», рН = 7,1 (нейтральная среда). Суспензия 
функционализированных смесью кислот МУНТ имеет рН = 3,7; с привитой четвертичной аммо-
ниевой солью рН = 3,2. При введении в СОЖ этих бактерицидов кислотность среды рН = 3,03,3.  

Нами проведено сравнение бактерицидных свойств ф-МУНТ, ТЭА-МУНТ и бактерицида 
«Софекс». Результаты представлены в табл. 3.  

Эффективность воздействия бактерицидов на микроорганизмы уменьшается в ряду:  
ТЭА-МУНТ > ф-МУНТ > Софекс. 
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Таблица 3 
Биологическое поражение СОЖ в присутствии бактерицидов. Концентрация МУНТ 0,05 % (масс.) 

Бактерицид Балл поражения 
30 сут 60 сут 90 сут 120 сут 150 сут 180 сут 

Без бактерицида 1 2 3 3 4 4 
Софекс 0 0 1 1 2 3 

ф-МУНТ 0 0 0 0 0 1 
ТЭА-МУНТ 0 0 0 0 0 0 

 
Биостойкость СОЖ определяется по окраске эмульсии  в присутствии  индикатора  2,3,5-

трифенилтетразолия хлористого. Связь между биостойкостью и баллом биопоражения представ-
лена в табл. 4. 

Таблица 4 
Степень биопоражения СОЖ  

Характер и интенсивность  
окрашивания эмульсии с ТТХ Балл Биостойкость 

Цвет эмульсии не изменился 0 Отсутствие микроорганизмов 
Незначительное окрашивание в виде пятна или кольца I Удовлетворительная биостойкость 
Ярко-красная окраска в виде пятна на дне пробирки II Неудовлетворительная биостойкость 
Розовая окраска всей эмульсии в пробирке III Отсутствие биостойкости  
Ярко-красная окраска всей эмульсии в пробирке IV Полное биопоражение 

 
Таким образом, функционализированные МУНТ обладают высокой антимикробной актив-

ностью и значительно стабилизируют СОЖ по отношению к биопоражению.  
 
Выводы 
1. Проведена функционализация поверхности многостенных углеродных нанотрубок карбок-

сильными группами и четвертичными аммониевыми солями для их использования в качестве 
бактерицидов при модифицировании  смазочно-охлаждающей жидкости.  

2. Получены новые бактерицидные технические средства с высоким стабилизирующим дей-
ствием по отношению к биопоражению.  
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A modification of lubricating coolants by functionalized multi-walled carbon nanotubes 
grafted on the surface carboxyl groups and quaternary ammonium salts is condacted. The 
modification leads to increased stability to biodegradation fluid. 

Keywords: lubricating coolant, functionalization, multi-walled carbon nanotubes, bio-
degradation. 
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2-Propargylthio-6-methyl-5-ethyl-4(3H)-pyrimidinone has been synthesized by 

alkylation of S-sodium salt of 6-methyl-5-ethyl-2-thiouracil with propargyl bromide. It has 
been found by X-ray method that S-derivatives of 2-thiouracil are in the tautomeric form with 
the proton at the nitrogen atom N3

. The substitute at the sulfur atom is within the plane of 
pyrimidine ring at the angle 59–84°. The 2-alkylthio-4(3H)-pyrimidinones molecules are 
combined in dimers with formation of two intermolecular hydrogen bonds.  

Keywords: 2-prenylthio-6-trifluoromethyl-4(3H)-pyrimidinone, cis-2-(3-chloroallyl)thio-
6-trifluoromethyl-4(3H)-pyrimidinone, 2-allylthio-6-methyl-4(3H)-pyrimidinone, 2-
propargylthio-6-methyl-5-ethyl-4(3H)-pyrimidinone, alkylation, propargyl bromide, tauto-
merism, molecular structure, X-ray analysis. 

 
 

Introduction  
It is known that alkylation of 6-methyl-2-thiouracil and 6-trifluoromethyl-2-thiouracil occurs at the 

sulfur atom [1]. At the same time information about alkylation of 6-methyl-5-ethyl-2-thiouracil by 
propargyl bromide has not been discussed in literature. The aim of the present study is the synthesis of 
2-propargylthio-6-methyl-5-ethyl-4(3H)-pyrimidinone and the investigation of its structure and other 2-
thiouracil S-derivatives by X-ray analysis.  
 

Experimental 
Synthesis of 2-propargylthio-6-methyl-5-ethyl-4(3H)-pyrimidinone (1) 
Propargyl bromide (0.9 mL, 0.001 mol) and NaOH (0.04 g, 0.001 mol) were added to the S-sodium 

salt of 6-methyl-5-ethyl-2-thiouracil solution (0.912 g, 0.001 mol) in 20 mL of water. The reaction 
mixture was stirred with a magnetic stirrer for 2 h. Mixture was neutralized by the addition of acetic 
acid, the obtained precipitate was filtered off, washed with water, dried and recrystallized from hexane. 
The product yield: 0.154 g (55%), Tm=162°С, Rf=0.55(ethyl acetate:hexane 1:3). Crystals for X-ray 
analysis were obtained from the isooctane–acetone (3:1) solution. 

Compounds 2–4 were obtained by the interaction between S-sodium salt of 6-methyl- and 6-
trifluoromethyl-2-thiouracil with allyl bromide, prenyl chloride and 1,3-dichloropropene by the method [2]. 

The X-ray analysis of the crystals of compounds 1–4 was performed on the automatic four-circle 
Bruker D8 Quest diffractometer (Mo K-radiation,  = 0.71073 Å, graphite monochromator).  

The data collection and editing, as well as the refinement of unit cell parameters and the absorption 
accounting were carried out using SMART and SAINT Plus program packages [3]. All calculations for 
the structure determination and refinement were carried out using the SHELXTL/PC [4] program 
packages. The structures of compounds 1–4 were determined by the direct method and refined by least-
squares method calculations in anisotropic approximation for non-hydrogen atoms. Selected 
crystallographic data and structure refinement results are given in Table 1.  

The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the 
Cambridge Crystallographic Data Centre (№ 998573, 1061098, 1061104, 1028131; 
deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk). 
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Table 1 
Crystallographic data and the experimental and structure refinement parameters for compounds 1–4 

 

Parameter Value 
1 2 3 4 

Empirical formula  C10H12N2OS C8 H10N2OSH10 C10H11N2SF3O C8H6N2OSClF3 
Formula weight 208.28 182.24 264.27 270.66 

Т, К 273.15 273.15 295.0(2) 295.0(2) 
Crystal system  Monoclinic Triclinic Monoclinic Monoclinic 
Space group  P21/c P-1 P21/n P21/n 

a, Å 9.8551(18) 4.6742(2) 12.675(17) 12.080(11) 
b, Å 21.875(3) 9.5013(4) 7.156(9) 7.43(2) 
c, Å 4.8936(8) 11.4968(5) 13.644(17) 12.650(16) 
, deg 90.00 113.905(2) 90.00 90.00 
β, deg  93.569(4) 99.243(2) 95.10(6) 91.56(9) 
, deg  90.00 92.850(2) 90.00 90.00 
V, Å3 1052.9(3) 456.98(3) 1233(3) 1134(4) 

Z 4 2 4 4 
(calcd.), g/сm3 1.314 1.324 1.424 1.585 

, mm–1 0.276 0.307 0.286 0.540 
F(000) 440.0 192.0 544.0 544.0 

Crystal size, mm 0.24 × 0.09 × 
0.025 0.53 × 0.25 × 0.13 0.61 × 0.2 × 0.12 0.6 × 0.27 × 0.25 

 Range of data  
collection, deg 6.96 to 52.78° 7.32 to 52.84° 4.6 to 57.04° 4.6 to 42.9° 

Range of refraction 
indices 

–12 ≤ h ≤ 12, 
–27 ≤ k ≤ 27, 

–6 ≤ l ≤ 6 

–5 ≤ h ≤ 5, 
–11 ≤ k ≤ 11, 
–14 ≤ l ≤ 14 

–8 ≤ h ≤ 16, 
–9 ≤ k ≤ 9, 

–18 ≤ l ≤ 18 

–12 ≤ h ≤ 12,  
–7 ≤ k ≤ 7,  
–9 ≤ l ≤ 13 

Measured reflections  14398 10518 11916 3767 
Independent reflections  2138  1868  3107 1248 

Rint 0.1804 0.0233 0.0362 0.0328 
GOOF 0.996 0.984 1.017 1.088 

R factors for F2 > 2(F2) R1 = 0.0613,  
wR2 = 0.1025 

R1 = 0.0347,  
wR2 = 0.1123 

R1 = 0.0764,  
wR2 = 0.2049 

R1 = 0.0726,  
wR2 = 0.2012 

R factors for all  
reflections 

R1 = 0.1481,  
wR2 = 0.1283 

R1 = 0.0458,  
wR2 = 0.1233 

R1 = 0.1189,  
wR2 = 0.2376 

R1 = 0.0987,  
wR2 = 0.2425 

Residual electron 
density 

 (min/max), e/Å3 
0.22/–0.21 0.21/–0.20 0.93/–0.24 0.72/–0.25 

 
 

Results and Discussion  
We are the first to find that alkylation of S-sodium salt of 6-methyl-5-ethyl-2-thiouracil by 

propargyl bromide is carried out with the synthesis of 2-propargylthio-6-methyl-5-ethyl-4(3H)-
pyrimidinone (1).  

 

 
 
2-Allylthio-6-methyl-4(3H)-pyrimidinone (2), 2-prenylthio-6-trifluoromethyl-4(3H)-pyrimidinone 

(3) and cis-2-(3-chloroallyl)thio-6-trifluoromethyl-4(3H)-pyrimidinone (4) are synthesized by the 
method [2]. Note that alkylation of 6-trifluoromethyl-2-thiouracil by 1,3-dichloropropene is carried out 
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with the formation of mixture of cis- and trans-isomers. The monocrystal of cis-isomer has been isolated 
mechanically after recrystallization from hexane.  

 
 

It has been found by X-ray method that derivatives at the sulfur atom in sulfides 1–4 (Fig. 1–4) are 
almost in the perpendicular plane to pyrimidine ring at the angle 72–84°. Exception is chloroallylsulfide 
4, in which the chloroallyl fragment is at the angle that equals 59° for pyrimidine ring. 

 
 

 
 

Fig. 1. The structure of compound 1 Fig. 2. The structure of compound 2 
 
 

  
Fig. 3. The structure of compound 3 Fig. 4. The structure of compound 4 

 
 
Sulfides 1–4 have standard geometry. Particularly there is noticeable asymmetry of the C–S bond 

lengths, which is the result of heterocycle effect (C(2)–S(1)= 1.727–1.759 Å, C(7)–S(1)= 1.802–1.822 Å). 
The bond lengths of heterocycles in all analyzed compounds are in the range 1.299–1.384 Å. Exception 
is the bond length С(5)–С(4) 1.420–1.442 Å. It is the result of the influence of the electron acceptor 
oxygen atom at С(4). 
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Three tautomeric forms for sulfides 1–4 can be presented:  
 

 
 

Table 2 
Selected bond lengths in the structures of compounds 14 

Bond length, Å 
Compound 

1 2 3 4 
С4–О1 1.242(3) 1.238(2) 1.224(4) 1.229(8) 
С2–S1 1.750(3) 1.759(2) 1.741(4) 1.759(7) 
С7–S1 1.811(3) 1.807(2) 1.822(5) 1.818(9) 
С2–N3 1.353(4) 1.353(2) 1.353(4) 1.347(9) 
С6–N1 1.380(4) 1.379(2) 1.364(4) 1.379(9) 
С4–N3 1.377(4) 1.381(2) 1.384(4) 1.397(8) 
С2–N1 1.292(4) 1.300(2) 1.295(4) 1.313(9) 
С5–С6 1.357(4) 1.358(2) 1.347(5) 1.356(10) 
С4–С5 1.441(4) 1.421(2) 1.420(5) 1.442(10) 

 
The С–О bond length of sulfides 1–4 corresponds to the carbonyl group (1.224–1.242 Å) which is 

absent in tautomeric form C. The С(2)–N(1) bond length in compounds 1–4 is 1.299–1.313 Å. It is the 
result of double bond С=N formation in sulfides, which opposes structure B. Thus, compounds 1–4 are 
in tautomeric form A. It corresponds to the various quantum-chemical calculations and analysis of 
vibrational spectra in the works [5, 6]. 

The molecules of sulfides 1–4 are combined in dimers due to formation of hydrogen bonds, these 
dimers are oriented in the following way: the oxygen atom of the first molecule is bonded with the NH 
group of the second molecule, and the NH group of the first molecule is bonded with the oxygen atom of 
the second molecule (Fig. 5). The length of hydrogen bonds in compounds 2 and 4 is 1.889 and 1.896 Å. 
This length in compounds 1 and 3 is equal to 1.921 and 1.923 Å. The dimers are almost in the same 
plane, and the deviation is not more than 1–2°. The dimers of sulfides 1–4 are packed in parallel planes 
due to short contacts (Fig. 6). 

 

  
Fig. 5. The structure of compound 2 dimer Fig. 6. The packing of molecules in crystal 4 
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The oxygen of one molecule and the proton of the prenyl fragment methyl group of another 
molecule form this contact in prenyl sulfide 3 (Fig. 7). The oxygen of one molecule and the proton at the 
β-carbon atom in the allyl fragment of another molecule form this contact in chloroallyl sulfide 4 
(Fig. 8).  

 

  
Fig. 7. The packing of molecules in crystal 3 Fig. 8. The packing of molecules in crystal 4 

 
Dimers in propargyl sulfide 1 and allyl sulfide 2 are packed through short contacts between 

carbonyl carbon atoms О=С … С=О. These lengths are 3.309 and 3.398 Å, respectively (Fig. 9, 10). 
 

  

Fig. 9. The short contact in compound 1 Fig. 10. The short contact in compound 2 
 
 
In contrast to sulfides 3 and 4, compounds 1 and 2 have short contacts between sulfur atoms, 3.321 

and 3.409 Å, respectively (Fig. 11). It makes the packing of dimers by stacks possible (Fig. 12). 
 

 
 

Fig. 11. The short contact in compound 1 
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Fig. 12. The packing of molecules in crystal compound 2 
 
 

In spite of the differences, the packing of compounds 2–4 is similar; it is presented on figures 13 
and 14. Only in the case of allyl sulfide 1 the packing has two perpendicular directions (Fig. 13), while 
there is only one direction in compounds 3 and 4 (Fig. 14). 

 
 

 
 

 
Fig. 13. The packing of molecules in crystal 2 

 

 
Fig. 14. The packing of molecules in crystal 3 

 
 
In contrast with crystals 2–4, the stack packing of dimers in the crystal of propargyl sulfide 1 is in 

perpendicular plane (Fig. 15). 
 

 
 

Fig. 15. The packing of molecules in crystal 1 
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Conclusion 
We have found that S-sodium salt of 6-methyl-5-ethyl-2-thiouracil reacts with propargyl bromide to 

produce 2-propargylthio-6-methyl-5-ethyl-4(3H)-pyrimidinone. By X-ray method it has been found that 
S-derivatives of 2-thiouracil are in the tautomeric form with the proton at the nitrogen atom N3

. The 
substitute group at the sulfur atom is placed at the angle 59–84° with the plane of pyrimidine ring. The 
2-alkylthio-4(3H)-pyrimidinone molecules are combined in dimers with formation of two intermolecular 
hydrogen bonds. 
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ИССЛЕДОВАНИЕ МЕТОДОМ РЕНТГЕНОСТРУКТУРНОГО АНАЛИЗА 
ПРОИЗВОДНЫХ 2-ТИОУРАЦИЛА 

 
Т.В. Фролова, Д.Г. Ким, В.В. Шарутин, К.Ю. Ошеко 
Южно-Уральский государственный университет, г. Челябинск 
 

Алкилированием S-натриевой соли 6-метил-5-этил-2-тиоурацила бромистым 
пропаргилом  синтезирован 2-пропаргилтио-6-метил-5-этил-4(3Н)-пиримидинон. 
Методом рентгеноструктурного анализа установлено, что S-производные 2-
тиоурацилов находятся в таутомерной форме с протоном у атома азота N3, а 
заместитель при атоме серы находится под углом 59–84° к плоскости пиримидинового 
кольца. Молекулы 2-алкилтио-4(3Н)-пиримидинонов объединены в димеры, в которых 
образуются две межмолекулярные водородные связи. 

Ключевые слова: 2-пренилтио-6-трифторметил-4(3Н)-пиримидинон, цис-2-(3-
хлораллил)тио-6-трифторметил-4(3Н)-пиримидинон, 2-аллилтио-6-метил-4(3Н)-
пиримидинон, 2-пропаргилтио-6-метил-5-этил-4(3Н)-пиримидинон. алкилирование, 
пропаргилбромид, таутомерия, молекулярные структуры, рентгеноструктурный 
анализ. 
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STUDY ON REACTION OF 2-ALLYLTHIOBENZIMIDAZOLE 
WITH BROMINE 
 
E.S. Il’inykh, South Ural State University, Chelyabinsk, Russian Federation, 
elena.ilinykh@mail.ru 
D.G. Kim, South Ural State University, Chelyabinsk, Russian Federation, kim_dg48@mail.ru 
  
 

It has been found by 1Н NMR method that bromination of 2-allylthio-benzimidazole 
proceeds to give the bromocyclization products (benzimidazo-[2,1-b]thiazolium and 
benzimidazo[2,1-b][1,3]thiazinium bromides) and two isomeric products of bromine addition 
to the double bond of allyl moiety. 

Keywords: 2-mercaptobenzimidazole, 2-allylthiobenzimidazole, bromocyclization, 
bromonium and thiiranium ions, 1Н NMR spectroscopy. 

 
 

Introduction 
The chemistry of benzimidazole and particularly 2-mercaptobenzimidazole and its derivatives has 

received considerable attention because of their synthetic and biological importance. Natural compounds 
(e.g. vitamin В12) and various medicines (e.g. dibazole, omeprazole, mebendazole, afobazole, etc.) con-
tain benzimidazole moiety in their structure. 2-Mercaptobenzimidazole is widely used in industrial ap-
plication as a stabilizer and an antioxidant in rubber [1, 2], an adsorbent for some metals [3–5] and a 
corrosion inhibitor [6]. Besides, many kinds of biological activities have been reported for various 
N,S-derivatives of 2-mercaptobenzimidazole [7]. 

The chemistry of fused heterocyclic systems obtained from benzimidazole, as well as synthetic 
paths to thiazolo[3,2-a]benzimidazoles and their chemical properties, has been described in the reviews 
[8, 9]. However, literature data on electrophilic heterocyclization of S-allyl derivatives of 2-mercapto-
benzimidazole (1) and 5-ethoxy-2-mercaptobenzimidazole by the treatment with iodine and bromine are 
limited [10–13]. In the present paper we study the interaction of 2-allylthiobenzimidazole (2) with bro-
mine and show unexpected results that are different from earlier data [11]. 

As demonstrated previously by Korotkikh et al [11], the reaction between 2-allylthiobenzimidazole 
2 and bromine in acetic acid leads to bromine addition to the double bond and formation of 2-(2,3-
dibromopropyl)thiobenzimidazole hydrobromide (3) precipitated from the reaction mixture. However, 
the authors do not explain the origin of HBr in the reaction. The treatment of hydrobromide 3 with mild 
alkaline agents produces 2-(2,3-dibromopropyl)thiobenzimidazole (3а), which undergo cyclization into 
3-bromo-2,3,4,10-tetrahydrobenzimidazo[2,1-b][1,3]thiazinium bromide (4) and isomeric 2Н-benz-
imidazo[2,1-b][1,3]thiazine (5) and 4Н-benzimidazo[2,1-b][1,3]thiazine (6) at room temperature in ace-
tone or acetonitrile solution or in the melt (Scheme 1). The mixture of thiazines 5 and 6 is also obtained 
by refluxing bromide 4 in methanol solution of alkali. 

We have earlier reported iodo- and bromocyclization of 3-allylthio-1,2,4-triazoles [14–16]. Notably, 
bromination of 3-allylthio-1,2,4-triazole and 2-allylthiobenzthiazole with the structure similar to that of 
compound 2 leads to predominant annelation of thiazole ring. In order to make these issues clear, we 
have attempted to study the reaction between 2-allylthio-benzimidazole 2 and bromine in more detail. 

 
Experimental 
1H NMR spectra were recorded for DMSO-d6 or CDCl3 solutions of compounds on a Bruker DRX-

400 instrument (400 МHz) using Me4Si as the internal standard. 
2-Allylthiobenzimidazole (2). To the solution of 2-mercaptobenzimidazole 1 (0.300 g, 2 mmol) in 

DMF (5 mL) a solution of КОН (0.112 g, 2 mmol) in water (2 mL) and 3-bromopropene (0.18 mL, 2 
mmol) were added. After 24 h, the reaction mixture was poured into water (50 mL) and the produced 
white precipitate was filtered off, washed with water and dried. The precipitate was recrystallized from 
the hexane–chloroform mixture (1:1) to give compound 2 as a white solid. Yield 0.266 g (70 %), 
mp 137 оС. 

Bromination of 2-allylthiobenzimidazole (2). To a solution of 2-allylthiobenzimidazole 2 
(0.190 g, 1 mmol) in acetic acid (3 mL) at 0–5 °С a solution of bromine (0.05 mL, 1 mmol) in acetic 
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acid (3 mL) was added dropwise. The produced white precipitate was filtered off and washed with ace-
tone. Yield 0.300 g (the mixture of compounds 3, 4, 7 and 8). The solvent was removed from the filtrate; 
the residue was treated with acetone, after removing acetone a white solid was obtained. Yield 0.103 g 
(the mixture of compounds 3–8). 

 
Results and Discussion 
Initial 2-allylthiobenzimidazole 2 was synthesized by the reaction of 2-mercapto-benzimidazole 1 

with 3-bromopropene in the DMF–KOH medium (Scheme 1). 

 
Scheme 1. Synthesis and bromination of 2-allylthiobenzimidazole (2) 

 
We have studied the interaction of allyl sulfide 2 with bromine in acetic acid at the allylsulfide 

2:bromine ratio of 1:1.5 under conditions similar to those in [11]. Study of the precipitated product by 
1H NMR method have made it possible to reveal not only hydrobromide 3, but also benzimidazothiazi-
nium bromide 4 and the second bromocyclization product, 3-bromomethyl-2,3-dihydro-9Н-
benzimidazo-[2,1-b]thiazolium bromide (7) resulting from the thiazole ring annelation. From 1H NMR 
data, the ratio of compounds 3, 4 and 7 is ~ 1.0 : 0.3 : 0.1. There is a logical question, why only hydro-
bromide 3 is revealed by the authors of paper [11]. In our opinion, this is due to the fact that 1H NMR 
studies were carried out by us on a Bruker instrument (400 МHz), whereas the authors of [11] used a 
Gemini 200 instrument (200 МHz). 

Apparently, bromide 4 was produced via intramolecular nucleophilic substitution of adduct 3a. 
The adduct of bromine as hydrobromide 3 was likely formed due to a partial cleavage of HBr from 

bromides 4 and 7 as a result of their interaction with 2-(2,3-dibromopropyl)thiobenzimidazole 3а. Thus, 
bromides 4 and 7 were converted into bases which remained in the solution. This fact may also explain a 
high prevalence of hydrobromide 3 in the mixture of obtained salts 3, 4 and 7. 

Notably, a thorough analysis of the 1H NMR spectra recorded for the resulting mixture has allowed 
us to identify not only abovementioned compounds 3, 4 and 7, but also the adduct of bromine different 
from compound 3, namely, 2-[2-bromo-1-(bromomethyl)ethyl]thiobenzimidazole hydrobromide (8) 
(HBr was cleaved from bromides 4 and 7). It could be produced via intermediate formation of bromo-
nium ion (I) that was able to undergo intramolecular rearrangement into thiiranium ion (II), which was 
then easily converted into the adduct of bromine of symmetrical structure 8 (Scheme 2). The intramole-
cular rearrangement of bromonium ion into thiiranium ion has first been studied in the bromination of 
methylallyl sulfide [17]. In addition, this rearrangement has also been revealed by us during the study of 
bromination of 3-allylthio-1,2,4-triazoles [16]. 
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Scheme 2. The mechanism of formation of 2-[2-bromo-1-(bromomethyl)ethyl]thiobenzimidazole hydrobromide (8) 
 
1H NMR spectral data of the synthesized compounds are shown in the table. 
 

Table 
1H NMR spectral data of the synthesized compounds 

Compound 1H NMR spectra, δ, ppm (J, Hz) 

2 4.04 (2Н, d, 3J = 6.8, –SCH2–); 5.07 (1H, m, =СН2); 5.25 (1H, m, =СН2); 6.03 (1Н, m, 
–СН=); 7.11 (2Н, m, Нarom); 7.46 (2Н, m, Нarom) 

3 4.05 (2Н, m, –SCH2–); 4.10 (2Н, m, –CH2Br); 4.86 (1Н, m, –CHBr–); 7.50 (2Н, m, 
Нarom); 7.73 (2Н, m, Нarom) 

4 3.98 (1Н, m, –SCHAHB–); 4.02 (1Н, m,–SCHAHB–); 4.61 (1Н, m, –NCHMHN–); 4.73 
(1Н, m,–NCHMHN–); 5.08 (1Н, m, –CHXBr–); 7.42 (2Н, m, Нarom); 7.78 (2Н, m, Нarom) 

7 
4.05 (1Н, m, –CHAHBBr); 4.10 (1Н, m, –CHAHBBr); 4.13 (1Н, m, –SCHMHN–); 4.56 
(1Н, m, –SCHMHN–); 5.19 (1Н, m, –+NCHX–); 7.44 (2Н, m, Нarom); 7.76 (2Н, 
m, Нarom) 

8 3.94 (2Н, dd, 2J = 11.0, 3J = 6.6, -CH2Br); 3.98 (2Н, dd, 2J = 11.0, 3J = 6.6, -CH2Br); 
4.63 (1Н, m, -SCH<); 7.52 (2Н, m, Нarom); 7.73 (2Н, m, Нarom) 

 
A set of proton signals of both bromocyclization products, bromides 4 and 7, contained signals for 

aromatic protons shifted downfield and multiplet for the –CHXBr– proton (δ 5.08 ppm) and the 
-+NCHХ– proton (δ 5.19 ppm), respectively, as well as the characteristic proton signals for such ABMNX 
spin systems. 

In the 1H NMR spectrum of compound 8 the –SCH< proton was revealed as multiplet at 
δ 4.63 ppm. Two-proton doublets of doublets of four –(CH2Br)2 protons having a double integral inten-
sity appeared at δ 3.94 and 3.98 ppm. 

The filtrate obtained after separation of the mixture of products 3, 4, 7, and 8 has been also studied 
(such study was not carried out by the authors of paper [11]). After evaporation of acetic acid we ma-
naged to obtain a crystalline precipitate which was the mixture of compounds 3, 4, 7, and 8, as well as 
2H-thiazine 5 and 4H-thiazine 6 (from 1H NMR data). Formation of thiazines 5 and 6 as by-products of 
this reaction has also been reported previously [11]. 1H NMR spectral data produced by us for the men-
tioned compounds are identical to the published ones [11]. 

Bromination of compound 2 has also been studied by us in the 1H NMR experiment. To its solution 
in CDCl3 a solution of an equimolar amount of bromine in CDCl3 was added, and after 1 hour 1H NMR 
spectrum of the reaction mixture was recorded. Compound 2 reacted with bromine at once as the spec-
trum recorded did not contain characteristic signals for the alkenyl protons. From 1H NMR data, bro-
mine adducts 3 and 8 at the ratio of ~ 1:3 predominated in the studied reaction mixture. These results 
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indicate that the bromocyclization products 4 and 7 were probably formed directly from intermediate 
bromine adducts 3 and 8. 

To summarize, allyl sulfide 2 reacted with bromine to give the mixture of adducts 3a and 8, as well 
as bromide 7 formed from adduct 8. Compound 3a was partially converted to bromide 4, and partly it 
reacted with bromide 7 to give hydrobromide 3 via cleavage of HBr from bromide 7. Thiazines 5 and 6 
were formed in minor amounts by the reaction between adduct 3a or 8 and bromide 4 followed by the 
removal of two HBr molecules. 

 
Conlusions 
It has been found that the interaction of 2-allylthiobenzimidazole 2 with bromine in acetic acid 

proceeds to give not a single product as reported in [11] but the mixture of two bromocyclization prod-
ucts, 3-bromo-2,3,4,10-tetrahydrobenzimidazo[2,1-b][1,3]thiazinium and 3-bromomethyl-2,3-dihydro-
9Н-benzimidazo[2,1-b]thiazolium bromides, and two products of bromine addition to the double bond 
of allyl moiety with symmetrical and asymmetrical structure. It has been found by 1H NMR experiment 
that at the initial stage of bromination of 2-allylthiobenzimidazole bromine adducts are formed, and then 
they are partially converted into the bromocyclization products. 

 
This work was supported by the program «U.M.N.I.K. 1-14-11» of the Fund for Assistance to Small 

Innovative Enterprises in the scientific and technical sphere. 
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ИССЛЕДОВАНИЕ РЕАКЦИИ  
2-АЛЛИЛТИОБЕНЗИМИДАЗОЛА С БРОМОМ 

 
Е.С. Ильиных, Д.Г. Ким 
Южно-Уральский государственный университет, г. Челябинск 
 

Методом ЯМР 1Н установлено, что бромирование 2-аллилтиобенз-имидазола со-
провождается образованием продуктов бромциклизации (бромиды бензимидазо[2,1-
b]тиазолия и бензимидазо[2,1-b][1,3]тиазиния) и двух изомерных друг другу продуктов 
присоединения брома по двойной связи аллильного фрагмента. 

Ключевые слова: 2-меркаптобензимидазол, 2-аллилтиобензимидазол, бромцикли-
зация, бромониевый ион, тиираниевый ион, спектроскопия ЯМР 1Н. 
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On the example of the iodine crystal structure we have selected the optimal basis sets, 

allowing reproduction of interatomic distances and Raman spectral characteristics by 3D 
periodic Kohn-Sham calculations. Advantages of two approaches, taking into account the 
relativistic effect, have been compared: Effective Core Pseudopotentials and the Gaussian 
type basis set, constructed on the basis of the Douglas-Kroll-Hess approach. It has been 
shown that the latter approach not only correctly reproduce the experimentally observed 
geometric parameters of the iodine interactions and characteristics of Raman spectra, but also 
it reveals the electron density accumulation and depletion in the area of outermost valence 
shell of an iodine atom. That is directly illustrated by the Laplacian of electron density 
function. 

Keywords: iodine crystal structure, halogen bond, Quantum Topological Analysis of 
Electron Density, relativistic effect, Raman scattering spectroscopy. 

 
 

Introduction 
Structure-forming non-covalent interactions of halogens Hal…Hal in crystals and solid states in 

many ways determine thermodynamic, thermophysical, spectral and other properties [1, 2]. It is known 
that because of anisotropy of electrostatic potential on the Van der Waals surfaces of a molecule, the 
halogen atom, bound in the molecule, can form two types of non-covalent interactions [3, 4]. The Type I 
interactions are purely Van der Waals interactions in their nature; they are characterized by random po-
sitioning of two covalent bonds of halogens, belonging to different molecules. The Type II interactions 
are strongly directed. They are noted for mutual orientation of molecules, in which two covalent bonds 
of halogens are situated at the right angle to each other. In this case the area of electron density accumu-
lation in one halogen atom is directed to the area of electron density depletion in the other atom. This 
area of electron density depletion is always formed on the extension of the covalent bond of a halogen 
atom; it is called σ-hole [5]. In this area the nucleus is shielded by valence electrons to a lesser degree, 
and the area of generally positive values of electrostatic potential is formed [6, 7]. This type of non-
covalent interactions is called halogen bonds [8, 9]. 

Halogen bond properties can be successfully studied from the perspective of QTAIMC – Quantum 
Theory of Atoms in Molecules and Crystals [10], because this theory is aimed at searching for binding 
interactions, including those which occur among non-covalent ones. Such interactions are characterized 
by bond paths: two lines, each point of which is different from other neighboring points of space by 
larger values of electron density. These lines connect atomic nuclei, which are separated by the general 
interatomic surface, where through the vector gradient of electron density equals zero. The QTAIMC 
approach includes the topological analysis of electron density ρ(r), obtained by quantum-chemical cal-
culations, or within precise X-ray diffraction experiment. In its turn the topological analysis allows us to 
identify critical points of electron density. The electron density and its properties in the bond critical 
points are important characteristic values describing chemical bond properties in molecules and crystals. 

Halogen bonds in a chlorine crystal were first described from the perspective of electron density 
distribution properties, obtained through high-resolution X-ray diffraction experiment [11]. The paper 
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presents the visual presentation of mutually consistent orientation of the exhaustion area on to the area 
of electron accumulation with the Laplacian of electron density 2(r). The Laplacian of electron densi-
ty characterizes three-dimensional curvature of its dropping with increase of distance from the atom nuc-
leus. Depending on the ratio of radial positive curvature of electron density and the curvature in the or-
thogonal directions, the Laplacian will alternate in signs. Alternating minimums and maximums of 
2(r) correspond to areas of accumulation 2(r)<0 and depletion 2(r)>0 of the electron density 
around the nucleus, so they show atom electron shells. However, ranges of the Laplacian negative val-
ues, which should correspond to outermost electron shells, do not appear at atomic numbers Z > 29, as it 
is specified in the paper [12]. That is why, as a rule, other functions of electron density, for instance, 
one-electron potential, are used for the Br and I compounds for the sake of outermost electron shells lo-
calization [9, 13]. 

Another important feature at reproduction of some experimentally observed properties of halogens 
with high atomic numbers, such as I or Аt, is the importance of relativistic effect, this is particularly ma-
nifested when analyzing properties, connected with outermost electron shells [14, 15]. Together with 
structural information, obtained from the electron density distribution analysis in the iodine crystal, the 
special attention shall be paid to its vibrational properties. The most informative method in studying I–I 
covalent bonds in crystals and solids is Raman spectroscopy [16, 17]. A great number of works deal 
with the theoretical frequency rates, obtained for structures of isolated polyiodide anions or cation-
anions systems [18, 19]. However, this approach does not allow us to take into consideration the influ-
ence of crystal environment, effects of intermolecular interactions in solids, that makes it difficult to 
compare with the experimental spectral data. Such differences can be partly due to significant distur-
bance of isolated structure geometry of a molecular complex or a cluster in comparison with the crystal 
structure. The dynamic approach to crystal lattice with consideration of atomic vibrations around equili-
brium positions allows us to explain physicochemical crystal properties, connected with thermal effects, 
phase transitions, conduction properties. Theoretical calculations allow us to deduce vibrational spectra, 
to forecast crystal structure stability and to obtain thermodynamic properties, such as heat of formation 
and sublimation, entropy, and others [20]. 

The purpose of this paper is to select basis sets, allowing to provide the accurate modeling of cova-
lent and halogen bonds and their characteristics in the iodine crystal, as well as to calculate wavenumb-
ers for vibrations, that are active in Raman spectra. The method should provide data, suitable for the to-
pological analysis of electron density in conditions of periodic quantum-chemical calculations, and 
should reproduce experimental data as accurately as possible. For this purpose several of basis sets for 
the iodine atom available in literature have been tested in this paper, and possibilities and advantages of 
the two approaches to relativistic effect consideration have been compared. These two approaches are: 
usage of Effective Core Pseudopotentials and the Gaussian-type basis set, constructed according to 
Douglas-Kroll-Hess approach [21, 22]. We make the comparison of calculated geometric characteristics 
of the iodine crystal structure and of electron density properties, calculated for covalent and halogen 
bonds, with the data obtained on the basis of the high resolution X-ray diffraction experiment [23]. 
Theoretical vibrational characteristics are compared to the experimental polarized Raman spectra for the 
single crystal of iodine [24]. 

 
Calculations  
As a part of the study the periodic calculations of the wave function in the iodine crystal were made 

using the program CRYSTAL14, by the Kohn-Sham method (B3LYP) and various basis sets, shown in 
Table 1. Two groups of basis sets were tested. One group included Stuttgart fully-relativistic energy-
consistent pseudopotentials ECP-mdf28 and ECP-mdf46 including 28 and 46 core electrons, respective-
ly [25]. The pseudopotential ECP-mdf28 could be attributed to the group of potentials with the small 
core, and ECP-mdf46 had the member of the group with the large core. When using the pseudopotential 
ECP-mdf46 only outer-shell electrons 5s2 и 5p5 were included into the valence part. The valence part in 
both cases was described by the three-time split basis sets of the VTZ type. The other group was 
represented by the DZVP basis set, including 14 shells [26] and its analogue DZVPmod including 11 
shells [27]. In the DZVPmod basis set the sp-type hybrid shells were used to describe internal electron 
levels, so that up to 8 electrons that could be situated existed in that shell. Accounting of relativistic ef-
fect was implemented with the help of the DZPDKH basis set in terms of the Douglas-Kroll-Hess ap-
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proach [21, 22]. The basis set was obtained through optimization of standard Gaussian function coeffi-
cients [28, 29], approximating equations, obtained from the electronic part of Dirac Hamiltonian [30]. 

Iodine crystal structure optimization was made for all atoms of the irreducible cell part with fixed 
cell parameters. Allowed atom coordinate variations were only those, which did not cause changes in the 
crystal symmetry.  The Hessian matrix was calculated for the found optimal atom configuration at the Γ 
point in the center of the Brillouin zone. Vibration frequencies were calculated at the Γ point in the har-
monic approximation. On the basis of the obtained data the total Raman intensities were calculated for 
the single crystal of iodine. 

 
Results and Discussion 
Mutual arrangement of molecules with halogen bonds in the iodine crystal and with the interatomic 

distances, stated in the paper [23], is shown in Fig. 1. It has been found that in the case of using fully-
relativistic core pseudopotentials ECP-mdf28 and the valence part, described by the VTZ basis set, such 
geometric characteristics, as the covalent and halogen bond lengths, are reproduced most accurately: 
RI-I = 0.04 Å, RI…I = -0.03 Å, where R = R calculated – R experimental. According to the data, represented in 
Table 1, other basis sets also show satisfactory results when localizing equilibrium geometry in the crys-
tal. In all considered cases the positive values of RI-I have been observed, besides, the I…I halogen 
bond lengths have been underestimated in most of the cases. 

 

 
 

Fig. 1. Mutual arrangement of molecules  
with halogen bonds in the iodine crystal 

 
Table 1 

Distances (Å), the values of the electron density in the bond critical point (a.u.) in the crystal structure of iodine, opti-
mized in different basis sets 

Basis set 
I(1)–I(2) 

Covalent bond 
I(1)…I(3) 

Halogen bond 

I(1)…I(1) 
Van der Waals interac-

tions 
Rcalculation ρ(rb) Rcalculation ρ(rb) Rcalculation ρ(rb) 

ECP-mdf46 VTZ 2.876 0.045 3.709 0.011 - - 
ECP-mdf28 VTZ 2.755 0.059 3.474 0.018 3.977 0.008 
DZVPmod 2.791 0.062 3.473 0.018 3.940 0.009 
DZVP 2.802 0.061 3.467 0.019 3.939 0.009 
DZPDKH 2.812 0.060 3.414 0.022 4.060 0.007 

Experimental [23] Rexp =2.718 
ρ(rb)exp =0.050 

Rexp =3.501 
ρ(rb)exp =0.015 

Rexp =3.980 
ρ(rb)exp =0.009 

 
The results of the theoretical topological analysis of electron density have been compared to the da-

ta from the paper [23]. There the adjusted values of electron density restored on the basis of the ex-
tended multipole modeling Hansen and Coppens approach [31] have been analyzed for I-I covalent 
bonds and the strongest I…I noncovalent interactions. The application of basis sets with core pseudopo-
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tentials leads to underestimation (ECP-mdf46 VTZ) and overestimation (ECP-mdf28 VTZ)  of electron 
density in the I-I covalent bond critical points. The DZPDKH basis set provides a significantly underes-
timated halogen bond length and, consequently, an overestimated electron density in the halogen bond 
critical points ρ(rb) = 0.007 atomic units. However, the observed range of ρ(rb) values both for cova-
lent and halogen bonds may be considered to be reasonable.  

The following characteristic features have been observed while analyzing the Laplacian of electron 
density distribution in the crystal plane, containing halogen bonds between diiodine molecules. When 
using the DZVP basis sets with core pseudopotentials, the covalent bond area and the space between 
neighbouring molecules are described in the similar way. In both cases the covalent bond areas have 
similar level of observed details. However, the Laplacian of electron density in Fig. 2a,b does not show 
the electron density accumulation in the outermost electron shell area of iodine. This fact evidences low 
informative value of the 2(r) function when describing iodine ability to form halogen bonds. On the 
contrary, the outline map of the electron density Laplacian, obtained through the DZPDKH basis set and 
indicated in Figure 2c demonstrates the electron density accumulation in the iodine atom equatorial area 
and exhaustion formed on the continuation of the covalent bond. Consequently, the DZPDKH basis set 
appears to be the only one of the studied sets, which demonstrates the principle of halogen bond forma-
tion: orientation of the area of electron density accumulation of one atom up on the area of electron den-
sity exhaustion of the other. Figure 2c shows the I-I covalent bond area in greater details (contour lines 
of 0.002, 0.004 and 0.008 atomic units) and it also has the contour line of 0.002 atomic units in the halo-
gen bond area unlike Fig. 2a and 2b. 

 

 
                                       а)                                  b)                                     c) 

 
Fig. 2. The contour lines of the Laplacian of the electron density, accompanied by bond paths in iodine crystal 

 in a variety of basis sets: in fully-relativistic pseudopotential basis set type ECP-28mdf VTZ (a), in the DZVP basis set (b) 
and DZPDKH (c) 

 
According to the data of experimental polarized spectra [24], two lines are observed for the iodine 

crystal. These lines correspond to the in-phase and out-of-phase valence symmetrical vibrations. In the 
first case, the change of lengths of neighboring molecules is in coordination, while in the second case, it 
is out of phase: the stretch of the covalent bond in one molecule corresponds to the contraction in the 
neighboring molecule. Symmetry of obtained in-phase Ag and out-of-phase B2g vibrations corresponds 
to the experimental data from the polarized spectra [24] (Table 2). 

 
Table 2 

The wavenumbers of valence vibrations in the crystal of iodine calculated using a variety of basis sets 

Basis set υ (Ag) I–I, cm-1 υ (B2g)  I–I, cm-1 
ECP-mdf46 VTZ  166.5 177.5 
ECP-mdf28 VTZ  196.5 202.2 
DZVPmod 178.6 187.4 
DZVP  180.7 188.5 
DZPDKH  180.5 188.8 
Experimental [25] 180 189 
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Fig. 3. Calculated unpolarized Raman spectra of iodine crystal 
 optimized in various basis sets 

 
On the basis of obtained theoretical wavenumbers for stretching vibrations in the iodine crystal it is 

possible to select a group of preferable basis sets, reproducing the data of experimental polarized spectra 
within the error of 2 cm-1. They are DZVPmod, DZVP and DZPDKH. The application of the core pseu-
dopotential with a big core ECP-mdf46 leads to substantial decrease of obtained wavenumbers, and ap-
plication of the pseudopotential with a small core ECP-mdf28 leads to underestimation, where devia-
tions from the experimental value in these cases are comparable. 

Display of the calculated integrated Raman spectra (Fig. 3) allows us to visually assess the ratio of 
in-phase and out-of-phase vibrations and overlapping of the lines, corresponding to them. Maximum 
resolution of lines is attained through the use of the basis set ECP-mdf46 VTZ, the difference between 
stretching peaks equals 13 cm-1. The greatest overlapping of lines is observed in the basis set ECP-
mdf28 VTZ, where the difference between stretching peaks equals 6 cm-1. Basis sets of the DZVP group 
demonstrate roughly the same difference between wavenumbers of in-phase and out-of-phase vibrations; 
however, in case of the DZPDKH basis the out-of-phase vibration is characterized by relatively lower 
intensity. 

 
Conclusion 
As can be seen from the above, basis sets with fully-relativistic core pseudopotentials slightly unde-

restimate electron density in the critical point of the covalent bond. However, lack of overlapping in 
grade lines in the area linking to the core makes it vulnerable to apply basis sets with core pseudopoten-
tials in the electron density topological analysis tasks.  

Calculated wavenumbers of iodine vibrations in the crystal, which have been obtained when analyz-
ing the basis sets, show that the application of core pseudopotentials ECP-mdf46 and ECP-mdf28 leads 
to significant deviations from experimentally observed values. Other basis sets reproduce experimentally 
observed wavenumbers within the accuracy up to ±2 cm–1, only underestimating the difference between 
in-phase and out-of-phase vibrations a little.  

The Laplacian of electron density, obtained with the use of the DZPDKH basis set, demonstrates 
accumulation of electron density in the area of the outermost valence shell of iodine atoms. That is why 
the DZPDKH basis set, where the relativistic effect on the basis of the Douglas-Kroll-Hess approach is 
taken into consideration, is the most suitable for modeling and analyzing electron density topological 
properties in crystals of iodine containing compounds with halogen bonds. 

The work was supported by the Russian Ministry for Education and Science GZ729, and was 
carried out on a supercomputer "TORNADO" SUSU. 
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ВАРИАЦИИ МЕТОДОВ МОДЕЛИРОВАНИЯ 
ЭЛЕКТРОННЫХ И СПЕКТРАЛЬНЫХ СВОЙСТВ 
В КРИСТАЛЛИЧЕСКОЙ СТРУКТУРЕ ЙОДА 

 
И.Д. Юшина, Л.М. Булатова, С.Э. Насибуллина, Е.В. Барташевич  
Южно-Уральский государственный университет, г. Челябинск 
 

На примере кристаллической структуры йода произведен подбор оптимальных 
базисных наборов, позволяющих в условиях периодических расчетов воспроизводить 
межъядерные расстояния, распределение электронной плотности и спектральные 
свойства йодсодержащих молекулярных кристаллов. Сопоставлены преимущества 
двух подходов к учету эффектов релятивизма: эффективные остовные 
псевдопотенциалы и базисный набор гауссового типа, конструируемый на основе 
методологии Дугласа-Кролла-Гесса. Показано, что последний позволяет корректно 
воспроизвести не только экспериментально наблюдаемые геометрические параметры 
кристалла йода и характеристические колебания в спектрах комбинационного 
рассеяния, но и накопление электронной плотности в области внешней валентной 
оболочки атома йода, что наглядно иллюстрирует функция лапласиана электронной 
плотности.  

Ключевые слова: кристаллическая структура йода, галогенные связи, 
топологический анализ электронной плотности, релятивистский эффект, 
спектроскопия комбинационного рассеяния. 
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Comparative analysis of calculated (subject to solvent influence in PCM model) and 

experimental UV-visible spectra of peroxotitanate complexes in solutions at various 
conditions of occurrence. It has been shown that the change of complex composition, 
dependent on the solution pH value, leads to the change of characteristic absorption bands of 
UV-visible spectra in the wavelength range exceeding 320 nm. The tendency of the 
absorption bands in solution spectra to shift is correlated to the change of calculated spectra in 
accordance with the monomer complex unit. It has been suggested that the color of the 
complex solution in weakly acidic and neutral media is related to appearance of hydroperoxy-
bonds between titanium atoms. 

Keywords: peroxotitanate complexes, electronic absorption spectra, PCM, TD–DFT. 
 
 

Introduction 
At present the syntheses of catalytic materials on the basis of green technology have acquired a spe-

cial significance and popularity in terms of ecological compatibility and possibility of controlling the 
synthesis process. Oxides of titanium, magnesium, zirconium, silicon are widely used as such materials, 
both individually and in mixed compositions. 

Previously titanium alkoxides were used as handy precursors (initial substances) for the synthesis of 
titania-based catalysts. As they are toxic, nowadays the attention of researchers is directed at study and 
development of appropriate synthesis techniques with the use of other precursors: titanium citrate, oxa-
late and peroxide complexes [1]. The state of titanium peroxide complexes in aqueous solutions has 
been studied experimentally in considerable detail in papers [2–4], but their precise composition is un-
known so far, as it strongly depends on the synthesis conditions, primarily on the solution pH and the 
ratio "hydrogen peroxide – titanium". At that the understanding of the state and structure of peroxide 
complexes in precursor solution is important in order to control the following synthesis of titania cata-
lysts. Modern quantum-chemical computational methods can play the supportive role for it, especially 
ab initio methods. 

The most widespread use for calculation of the structure and characteristics of both organic and in-
organic complexes belongs to Kohn-Sham method (DFT), which provides adequate description of the 
states of ions, complexes, crystals that correlates to experimental data. Numerous extensions of the me-
thod – use of various functionals, atomic basis sets, inclusion of environment for investigated structures 
–  have enabled the description of various classes, states and properties of any elements, including heavy 
ones (in [5], as an example) and their compounds. Investigation of theoretical electronic spectra with by 
application of calculation of energy characteristics within the bounds of TD-DFT method [6, 7] is wide-
ly used in global practice in an effort of detailed interpretation of observed experimental data. Recently 
the similar calculations have been carried out in order to determine the state of many oxide materials and 
their precursors, including titania-based catalysts. Thus, in papers [8–10] calculation methods (DFT) 
have been used for determination of the properties of peroxide complexes emerging at H2O2 application 
to the surface of titanium and titanium silicate catalysts. Likewise, much information has been extracted 
concerning occurrence of active centers and their properties, transition complexes at interaction of cata-
lysts with ethylene, ammonia and other compounds, the direction of possible catalyzed reactions. Calcu-
lated data concerning the structure of titania doped with nitrogen [11–12] and iron [13] have been given, 
the laws of changing width of forbidden band have been theoretically explained, as well as the UV-
visible spectra at various conditions of synthesis and further material processing.  
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All abovementioned studies pursue the processes on the completely formed phase interface, at that 
the theoretical investigation of the state and the properties of titania precursors, which greatly influence 
the formation of the spatial structure of the solid phase, has been practically ignored. 

In order to account for the influence of medium (solvent) on the studied substances the clarifying 
models are invoked, within which various types of solvate-solvent interaction are considered: dipole-
dipole, dipole-induction, dispersion and so on. One of such models (COSMO, [14]) was previously used 
to investigate the interaction of some titanium tungstate complexes with hydrogen peroxide and the 
properties of the obtained peroxy compounds. The results were in good agreement with the experimental 
properties, they had certain prognostic ability in relation to their oxidizing properties. In recent decade 
the precise numerical polarized continuum model (PCM) has been developed [15, 16]. Within the model 
a solvent is considered as an isotropic medium characterized by some physical constants, at that the spe-
cific interactions are not taken into account in an explicit form. A molecule of a solute is placed in a cav-
ity which forms in this continuous medium. All its atoms are surrounded by spheres with Van der Waals 
radius. In order to construct the smooth surface necessary for the method convergence, secondary sur-
rounding of minor radius spheres is carried out, with the following triangulation in order to form the sur-
face elements. By means of several iterations the surface charge field of the formed cavity and the free 
energy of a molecule in a solvent are estimated. The popularity of PCM is explained by speedy calcula-
tions of electron states in the environment of the solvent molecules, which is but little less compared to 
calculations for gas phase. At that the theoretical results and tendencies of changing compound spectra, 
obtained with the use of this model, most adequately correlate to the dependencies of experimental spec-
tra of the synthesized compounds in solutions and explain their characteristic features. PCM in the sim-
plified version (IEF-PCM) has been used for calculation of the interaction of terminal titanium oxide 
groups with the aqueous solution of hydrogen peroxide [8], which has been of great help in determina-
tion of arrangement of the solvent molecules as ligands in the peroxycomplex structure: by way of hy-
drogen bonding intermediates are formed with predominantly five-membered cycles. Likewise, the 
prognosis of the complex catalytic properties with respect to epoxidation reaction has been defined more 
accurately. 

At interaction of titanium compounds with hydrogen peroxide the formation of several possible 
complex types can occur. Thus, in [2–3] it is noted that the reaction of titanium tetrachloride with hy-
drogen peroxide in acidic medium produces complexes with one peroxy group of the series 
[Ti(O2)(OH)x](2–x)+ (I). We can suggest that during the synthesis of titania peroxide precursors the forma-
tion of both the similar complexes and the complexes with peroxy and hydroperoxy group of the series 
[Ti(O2)(OOH)(OH)x](1–x)+ (II) takes place – at the great excess (10-100-fold) of hydrogen peroxide. Be-
sides, it is noted in [2–3] that complexes of the series (I) are especially inclined to dimerization, as well 
as to further condensation and addition of new monomeric units. Therefore it is important for us to con-
sider the behavior of such structures surrounded by the molecules of water in the role of a solvent, as 
immediate precursors during controlled formation of hydrated titania precipitate, which has not been 
studied previously. Investigation of other complexes of [Ti(O2)(OOH)2] type or of the series 
[Ti(OOH)y(OH)x](4–x–y)+ (III) is not of interest, as their existence in aqueous solution is not confirmed by 
the previously published data. Formation of several OOH groups, bonded to titanium, is carried out on 
the completely formed phase interface: for example, in paper [8] titanium complexes of the series (III) 
have been studied as the active centers on the surface of titanium silicate catalyst. The existence of the 
complexes with two and three peroxy groups, fully considered in [17], is also of low probability in the 
conditions described below, for the reason that their formation demands very great excess (by the factor 
of hundreds) of hydrogen peroxide compared to titanium. On the other hand, the directions of their fur-
ther oligomerization are analogous to the reaction directions of the series (I) complexes. 

In its turn, electronic spectroscopy is one of the most accessible and dependable investigation me-
thods of solution compositions. Therefore we aimed chiefly at the following: to establish the existence 
of the absorption bands in the UV-visible spectra of peroxotitanate complex solutions, related to definite 
chemical composition and forms, or to explain the absence of such bands within the studied range, con-
sidering the possible change of complex composition in a solution with changing pH value. This we plan 
to carry out by means of comparing the UV-visible spectra of solutions to the electronic absorption spec-
tra of optimized complex forms obtained by way of quantum chemical calculation, taking into account 
aqueous environment in PCM. We suggest that the consideration of predominating types of bonding for 
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titanium atoms in the calculated complez forms from several monomeric units will give an opportunity 
to prognosticate the reaction direction of further oligomerization at specific conditions, as well as forma-
tion of specific forms of hydrated titania precipitate. The necessary information of occurrence of such 
forms in a solution we can get from its UV-visible spectrum. 

 
Experimental 
In order to obtain peroxotitanate complexes TiOSO4·nH2O (Aldrich) was used. Titanium oxysulfate 

was dissolved in distilled water at 50 °С, then it was diluted to obtain 50 mL of 0.05 M solution, and 
hydrolized by 3 M sodium hydroxide. Addition of NaOH was stopped when pH of the reaction mixture 
reached 5.0. The resulting titanium hydroxide precipitate was centrifuged at 7000 rpm and washed by 
distilled water until the negative reaction for sulfate. Then titanium hydroxide was dissolved in 10 mL 
30 % hydrogen peroxide, and the formed peroxy complex was diluted by distilled water up to 50 mL. 
The pH value of the obtained solution varied in the range 2.0...2.3, which was the consequence of pe-
roxytitanic acid decomposition. Mole ratio "hydrogen peroxide – titanium" was 35:1. In order to slow 
down the hydrogen peroxide decomposition process the solution was placed in an ice bath. The UV-
visible spectra of solutions were registered with the use of Shimadzu UV-2700 spectrophotometer. 

 
Computational 
The present study investigates the electronic spectra of several complexes of the series (I) and the 

neutral complex of the series (II), formed at the reaction of hydrogen peroxide with titanium hydroxide 
precipitate in neutral, acidic and weakly basic media (at pH < 9). The complexes have been modeled, 
beginning from the corresponding monomer, by means of consecutive addition of single-type monomers 
to each other one by one and to the calculated complex of two monomer units. Monomer units of the 
complexes are presented in Fig. 1. In the first stage optimization of structure geometry has been carried 
out through the necessary number of steps until the stationary point with the greatest energy gradient 
value (not exceeding 0.0001 Hartree/Bohr) has been reached. Frequency analysis of the obtained Hes-
sian for all the structures has shown the absence of imaginary frequencies. 

 
Fig. 1. Monomer units for calculation of spectra of the peroxotitanate complexes 

 
Functionals PBE0 [18] and B3LYP [19, 20] and basis sets: polarized all-electron 6-31G** [21, 22] 

and pseudopotential LANL2DZ [23] are most often used in the present time, they are the most universal 
for determination of molecule characteristics of oxides for the elements of periods I–IV. For example, 
the calculations in [11, 13] and [8, 12], respectively, were carried out with the use of those parameters. 
At that the combined basis sets were used: the second of the abovementioned for titanium atoms, the 
first of them for atoms of the remaining elements. Geometry optimization of the studied complexes was 
carried out by Kohn-Sham method (DFT) with the use of the functional B3LYP on the basis of the basis 
set 6-31G** for all elements. Influence of water solvent was accounted for by the use of D-PCM model 
in the basic version with the following parameters: the same coefficient for all parts of the cavity, with-
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out calculation of cavitation, repulsion and dispersion energies, at standard temperature 298 K. Van der 
Waals radii were taken from [24].  

In the second stage the energy characteristics of the complex ground state were calculated, with fur-
ther calculation of excited states and electronic spectra, also accounting for the influence of water sol-
vent. Electronic spectra of the optimized structures were obtained by TD-DFT method. Such a calcula-
tion was carried out for 10–40 excited states with the necessary number of iterations and the energy 
convergence criterion for each state (not exceeding 0.00003 Hartree/Bohr), so that to encompass the 
spectrum range with the lower bound 220...240 nm. The whole calculation of the optimized structure 
and energy characteristics was carried out with the program package Firefly 8.0.1 [25].  

 
Results and Discussion 
We have considered the electronic spectra of the calculated structures of peroxotitanate complexes 

of the series I {[Ti(O2)(OH)x](2–x)+}n and the neutral complex [Ti(O2)(OOH)(OH)]n from the series II (in 
both cases n=1...3). Depending on the acidity the number of OH-groups in the monomer units of the 
complexes increases with increasing pH. Such an increase of x is related to deprotonation of water mo-
lecules, surrounding the complexes [2], and to coordination of hydroxyl groups on titanium atoms. Rea-
soning from this, the complexes of the series (I), where x=0, 1, 2 and 3 (Fig. 1), have been used as the 
monomer units for the calculation. 

In order to estimate the thermodynamic probability of complex formation from various amounts of 
different monomer units and the possibility of their existence in aqueous solution the energy of  mono-
mer units addition to complexes has been estimated (Table 1) on the basis of calculated amounts of free 
energy in the solvent. It is necessary to note that bond formation between monomers is more probable 
for neutral monomers 3 and 5, at that titanium atoms are bonded by oxy- and hydroxy bonds, while mo-
nomer units 5 in the complex are bridged through oxygen of hydroperoxy group. 

Table 1 
Energy of monomer units addition to complexes, kJ/mol 

          
           Monomer unit 

Number  
of units  
in the complex 

1 2 3 4 5 

One 229.27 14.98 –158.15 –62.65 –157.08 
Two 465.98 –13.00 –144.99 –86.71 –52.99 

 
Existence of bonded complexes from ionic monomers 2 and 4 is less probable, the monomer units 

are bonded only by hydrogen bonds. Ions 1 exist in solution solely in the form of hydrated monomers, 
therefore the electronic spectrum is obtained only for the monomer unit. Likewise, in the context of the 
sloping potential energy surface for the complex consisting of three monomer units 4 in the used method 
we can calculate only transition states with one imaginary vibration frequency. The specified data per-
tain to one of such states with the minimal energy. 

For all optimized complex structures the energy values for electron transitions between the ground 
state and the excited state have been calculated, and the corresponding electronic line spectra in the 
range from 220–240 nm to absorption with the minimal transition energy (max) have been obtained. The 
calculated spectra of complexes with monomer units from 1 to 5 are shown in Fig. 2–4 (line spectrum is 
approximated by Lorentz function). 

Experimental spectra of the synthesized peroxotitanate complexes (for titanium concentrations 0.05 
M; 0.005 M; 0.0005 M) are shown in Fig. 5. 

Analyzing the obtained results, first of all we should note that the range of wavelength lower than 
300 nm is not informative both for indication of existence of this or that series of complexes in solution 
and for monitoring oligomerization process and subsequent formation of precipitation phase during hy-
drolysis of complexes. Our experimental data and previously accomplished studies [2, 26] have shown 
that in this range the intensive absorption band is observed at all conditions (besides strongly acidic me-
dia), at that the band is continuous, smooth, and lacking maxima. Clearly defined absorption maximum 
within this range (245 nm) appears only for the anatase phase of hydrated titania, that is, after complete 
hydrolysis of peroxotitanate complex. The calculation of electronic spectra also supports (Fig. 2–4)  
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Fig. 2. Calculated spectra: a) spectrum of the complex with monomer unit 1; b) spectrum of the complexes  
with monomer unit 2. Numbers in line designations correspond to the number of monomer units in the complex 
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Fig. 3. Calculated spectra: a) spectrum of the complexes with monomer unit 3; b) spectrum of the complexes 

with monomer unit 4. Numbers in line designations correspond to the number of monomer units in the complex 
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 H          L+1          L+2          H     L+1     L+2 

 
а)            b) 

 
Fig. 6. Pictorial representation: а) MO for monomer unit 1. Absorption bands and the corresponding  

electron transitions: 413 nm: HL+2 (–0.98); 328 nm: HL+1 (0.95); 
b) MO for monomer unit 2. Absorption bands and the corresponding electron transitions:  

374 nm: HL+2 (0.98); 352 nm: HL+1 (–0.94) 

the fact that within the range 240...300 nm the absorption bands with comparable oscillator strengths are si-
tuated near enough to each other, which leads to appearance of continuous absorption band with allowance 
made for band broadening and equilibrium of complexes with different monomer units in the solution. 

At the values pH < 1 such a band is observed in the range lower than 240 nm. Therefore for strongly 
acidic medium (where the complex exists mostly in the form of monomer 1) it is possible to establish 
the correspondence between the calculated absorption bands and the experimentally observed ones [26] 
in a wider range. Thus, two-fold increase of absorbance from 330 to 300 nm corresponds to the calcu-
lated band 328 nm, and the right edge of the absorption band for wavelengths lower than 250 nm corres-
ponds to the calculated band 246 nm. 

Study of absorption in the range of wavelengths exceeding 300 nm seems important for investiga-
tion of the state in the solution of various peroxotitanate forms and their subsequent oligomerization. 
Experimentally it has been found that light absorption significantly decreases compared to the range of 
wavelengths lower than 300 nm, but at that the bands with clearly defined maxima changing their posi-
tion subject to acidity are observed.  

For strongly acidic media it has been shown that the complex spectra contain wide absorption bands 
with maxima at 397 nm [26] and 412 nm [2] and a smooth slope of absorbance up to wavelength 500 
nm/ Such spectra determine reddish orange color of the solution. This absorption band corresponds to 
the calculated line of the monomer 1 spectrum at 413 nm. The spatial parts of the monomer 1 molecular 
orbitals (MO), which determine excited states of the molecule due to electron transitions between them, 
are presented in Fig. 6a. Besides, there also is the correspondence of these transitions to the absorption 
bands in the spectrum with SAP coefficients. SAP squared determine the contribution of each transition 
into the excited state. It has been found that both abovementioned absorption bands (413 and 328 nm, 
charge transfer bands) are induced by electron transitions from occupied atomic orbitals (AO) of peroxy 
group oxygen atoms px to vacant AO of titanium atoms Dxz and Dxy, which (in various combinations) 
mostly form vacant MO L+1 and L+2 of (TiOO)2+ cation. Increasing intensity and widening absorption 
band of the solution compared to calculated data can be due to a number of causes influencing the elec-
tronic state of a complex: more complicated and multivariate type of ion hydration compared to the inte-
ractions studied within the bounds of PCM; significant cavitation energy; significant ionic strength of a 
solution, etc. 

Gradual disappearance of the absorption band near 400 nm with increasing pH to 2 is related to 
transition of the complex from monomer 1 to complexes with monomer units 2 and 3. At that the maxi-
mum smoothly shifts from 412 nm at pH=1 to values 330...340 nm ([2] and Fig. 5) at pH=2.5. The 
smoothness of the shift points at equilibrium in the solution of monomer forms (TiOO)2+  
(TiOO)(OH)+, which shifts to the right with increasing pH. In the range pH 2.5...3.0 the absorption max-
imum is near 335 nm, and absorbance smoothly decreases up to  ~450 nm. So the solution has yellowish 
orange color. The calculated spectra of complexes with monomer unit 2 reasonably explain the absorp-
tion curve of the solution, when the absorption envelope lines are constructed. The most intensive bands 
are in the ranges 335...360 nm, as well as 370...380 nm (Fig. 2b), while in the range 400...500 nm a few 
weak absorption bands are present with oscillator strength not exceeding 0.0004 (not shown in the fig-
ure). Pictorial representation of MO, the transitions between which determine the solution spectrum, are 
shown in Fig. 6–7. As the calculations show, the most intensive absorption bands are determined by 
electron transitions, similar to those mentioned above, namely, the charge transfer transitions. In the case 
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of complexes with monomer unit 2 the upper occupied MO are similar to those of (TiOO)+  ion, they are 
formed from the combination of AO px, py, pz of peroxy group oxygen atoms, whereas the lower vacant 
MO are formed from the combination of the abovementioned vacant AO of titanium atoms Dxz and Dxy, as 
well as the vacant AO of titanium Dx

2, Dy
2, Dz

2, and deeper AO of titanium. Calculation-proved increase of 
oscillator strength for absorption bands in the range near 350 nm for the complexes with monomer unit 2 
compared to the band 413 nm for monomer 1 is also consistent with the experimental data [2]. 

Going from the cationic peroxotitanate complexes to neutral and anionic ones with monomer units 3 
and 4, which means increasing pH of the solution to neutral and weakly basic values, we observe ab-
sorption only in the range of wavelengths lower than 320 nm (Fig. 3). The calculated data have also 
shown that the absorption bands with lower transition energy, if any, are due to the existence in the 
complex structure of the fragment bonded to others with one bridging bond through the hydroperoxy 
group oxygen (example in Fig. 8). Therefore one of the appearance causes for such absorption bands in 
UV-visible spectrum of peroxotitanate complexes at specific conditions (ratio "hydrogen peroxide – ti-
tanium" is small and pH > 6) can be the formation of hydroperoxy bonds between titanium atoms in a 
complex. Formation of one or two hydroxy bonds between monomer units of a complex does not lead to 
changing spectrum in the range of wavelengths greater than 300 nm. Change of the solution color to ma-
ize yellow at changing pH to the abovementioned value, noted by us (and also in [26]), does not contra-
dict the calculated data, though it demands more thorough investigation. 

         
 H-1          H     L+1 

      
L+2         L+4     L+5 

Fig. 7. Pictorial representation of MO for the complexes with two monomer units 2. Absorption bands and the corres-
ponding electron transitions: 371 nm: HL+5 (–0.90), HL+2 (0.36); 356 nm: H–1L+2 (0.87), HL+2 (–0.35);  

351 nm: HL+4 (0.92); 341 nm: H–1L+1 (0.80), H–L+2 (–0.34) 
 

        
H         L 

         
L+1        L+3 

 
Fig. 8. Pictorial representation of MO for the complex with three monomer units 3.  

Absorption bands and the corresponding electron transitions: 
354 nm: HL+1 (0.79), HL+3 (–0.39); 
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Use of great excess of hydrogen peroxide during the synthesis of peroxotitanate complexes can lead 
to coordination of several peroxy groups on one titanium atom (excepting strongly acidic medium), 
therefore the spectra of neutral complexes of the series (II) have been calculated for purposes of com-
parison. For these spectra it has been shown (Fig. 4) that the range of wavelengths lower than 320 nm is 
also of low information value because of the great number of intensive closely-spaced absorption bands. 
As opposed to neutral complexes of the series (I), the spectra include intensive bands at 392, 359, 348 
nm for one, two, and three monomer units in the complex, respectively. Probably, the yellow color of 
the peroxotitanate complexes synthesized in [26] up to basic pH values is due to occurrence of the series 
(II) complexes. Analysis of electron transitions (Fig. 9–10) has shown that the presence of these bands is 
mostly determined by the transitions from the upper occupied MO (combination of AO of the peroxy 
group oxygen atoms) to the lower vacant MO with its peculiarities. It has been shown that for the series 
(II) such a MO is formed from the combination of not only vacant D-type AO of titanium atoms, but 
also of p-type AO of the bridging peroxy group oxygen atoms that are specific for the series (II). This 
suggests that the cause of appearance of the abovementioned bands for complexes of the series (II) is 
similar to the cause of coloring for the neutral complexes of the series (I). That is, the absorption band 
near 360 nm can serve as an indicator of existence of bridging hydroperoxy groups in the complex at 
neutral pH of the solution. 

The factor that determines titania precipitation from peroxotitanate complexes is the stability of the 
hydrogen peroxide excess existing in the solution. Therefore the greatest rate of precipitation should be 
observed in weakly acidic medium, where peroxide is less stable compared to strongly acidic medium. 

     
H     L 

 
Fig. 9. Pictorial representation of MO for monomer unit 5. Absorption bands  

and the corresponding electron transitions: 392 nm: HL (0.96) 
 

           
H-1       H 

           
  L     L+1     L+2 

 
Fig. 10. Pictorial representation of MO for the complex with two monomer units 5.  

Absorption bands and the corresponding electron transitions: 
359 nm: H-1L (0.81); 310 nm: HL+1 (0.74), H–1L+2 (–0.43) 
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In these conditions the state of peroxotitanate complexes is nearer to the isoelectric point, that is, the 
probability of occurrence for the complexes formed from monomer units 3 and 5 (at great excess of hy-
drogen peroxide) is significantly higher. Such complexes are the most capable of oligomerization and, 
possibly, of hydrolysis that leads to further formation of hydrated titania precipitate. On the other hand, 
for neutral monomer units the value of the energy of complex formation from three units decreases 
compared to the complexes of two units (Table 1), which enables the former to occur in solution with 
less probability than the latter. For the series (II) the decrease is much steeper; relative stability of such a 
complex of two monomer units can determine the stability in time of peroxotitanate complex solutions 
in wide range of pH values, verified experimentally for the initial ratio "hydrogen peroxide – titanium" 
more than 10:1 [26]. 

Understanding how the bonds between monomer units in peroxotitanate complexes are formed and 
tracking of this process by means of UV-visible spectra analysis makes it possible to estimate probable 
directions of further oligomerization and hydrolysis reactions, as well as the probability of formation for 
this or that crystal or amorphous phase, in which the precipitate is formed (anatase, rutile, etc.). At-
tempts of the estimation with the use only of calculated data were made previously in [17], where poly-
peroxide complexes were studied. Oligomeric chains in such complexes are formed in two ways: a) two 
oxygen bridges between titanium atoms, which leads to subsequent formation of the structure of anatase 
type (octahedrons with common edges) – in the case of minimal and maximal concentration of added 
hydrogen peroxide; b) one oxygen bridge between titanium atoms, which helps subsequent formation of 
the structure of rutile type (octahedrons with common tips) – in the case of medium concentration of 
added hydrogen peroxide. Our research in the spectral characteristics of the solutions of peroxotitanate 
complexes at various synthesis conditions coupled with calculated data has shown that the use of UV-
visible spectra can provide information about occurrence of monomer units of this of that kind in the 
complexes, as well as about the bonding pattern. We consider the possibility of further application of 
this information to prognosticate priority ways of the new phase formation in specified environment. 

 
Conclusion 
In the present paper the electronic spectra of peroxotitanate complexes formed from five types of 

monomer units have been investigated. Non-empirical calculations of the optimized complex structures 
have been carried out by Kohn-Sham method with the use of functional B3LYP and all-electron basis 
set 6-31G**, with allowance made for influence of water as a solvent in PCM. The calculation of the 
excited states has been carried out by TD-DFT method. It has been found that the spectra of complexes 
in the series (I) ([Ti(O2)(OH)x](2-x)+) have characteristic absorption bands, they are specific for wave-
length range higher than 300 nm, namely: 413 nm for x = 0 and several bands in the ranges 335...360 nm 
and 370...380 nm for x = 1. It has been shown that the position of the absorption bands in the spectrum 
of the solution of peroxotitanate complexes at pH < 1 corresponds to the calculated spectrum of mono-
mer unit 1, while the spectrum of the solution at pH 2.0...2.5 corresponds to the calculated spectrum of 
the complexes with monomer unit 2. At that the difference between the absorption band maxima and the 
intensive calculated lines does not exceed 10 nm. In the spectra of neutral complexes of the series (I) 
and (II) [Ti(O2)(OOH)(OH)] the absorption bands in the range 345...400 nm, that determine yellow col-
or of the complexes in neutral medium, can appear subject to bonding between titanium atoms through 
the hydroperoxy group oxygen. The complex composition is related to the solution pH values and the 
excess of hydrogen peroxide relative to titanium, at that the tendency of solution spectrum change under 
varied conditions of complex existence correlates to the change of calculated spectra in accordance with 
the monomer unit predominating in the composition. Thus, comparison of the calculated electronic spec-
trum and the UV-visible spectrum of the peroxotitanate complex solution makes it possible to estimate 
the composition at specific conditions and prognosticate the possible reaction pathways. 
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УДК 544.164, 546.82 
 
УФ-ВИД СПЕКТРЫ ПЕРОКСОТИТАНАТНЫХ КОМПЛЕКСОВ 

 
Ю.В. Матвейчук, И.В. Кривцов, М.В. Илькаева, В.В. Авдин  
Южно-Уральский государственный университет, г. Челябинск 
 

Выполнен сравнительный анализ расчётных (с учётом влияния растворителя в 
модели PCM) и экспериментальных УФ-вид спектров растворов пероксотитанатных 
комплексов при варьировании условий их существования. Показано, что изменение 
состава комплексов, зависящего от величины рН раствора, приводит к изменению 
характерных полос поглощения УФ-вид спектров в области длин волн более 320 нм. 
Тенденция сдвига полос поглощения в спектрах растворов соответствует изменению 
расчётных спектров в зависимости от мономерной единицы комплекса. Предположено, 
что окраска раствора комплексов в слабокислой и нейтральной среде связана с 
возникновением гидропероксосвязей между атомами титана.  

Ключевые слова: пероксотитанатные комплексы, электронные спектры 
поглощения, РСМ, TD-DFT. 
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The influence of aluminum on the structure of alkali borosilicate glasses with various 

ratios of network former cations and modifier cations has been studied with the use of 
vibrational spectroscopy. It has been found that addition of modest amounts of aluminum to 
borosilicate glasses decreases the difference of sodium and potassium distribution between 
silicon- and boron-containing structural units of the glasses. This fact allows consideration of 
aluminum as an additive contributory to homogeneity of borosilicate glasses containing both 
sodium and potassium, as well as increase in thermal and chemical stability of matrix 
materials based on such glasses. 

Keywords: borosilicate glass, spectroscopy, structure, aluminum.  
 
 

Introduction 
During investigation of structural peculiarities of alkali borosilicate glasses with the use of vibra-

tional spectroscopy and NMR spectroscopy the significant difference of sodium and potassium distribu-
tion between silicate and borate structural units has been established [1, 2], which determines greater 
depolymerization of anion structure of sodium-containing borosilicate glasses compared to potassium 
glasses of similar composition. This explains appearance of structural heterogeneity in the structure of 
borosilicate glasses containing both sodium and potassium ions [3], besides, it negatively affects physi-
cochemical characteristics of matrix materials based on them [4]. 

With the aim of looking for additives increasing homogeneity of alkali borosilicate glasses, the in-
fluence of aluminum addition on structural features of sodium and potassium borosilicate glasses has 
been studied by vibrational spectroscopy at various ratios of network former cations and modifier ca-
tions. The choice of aluminum as an additive has been caused by the assignment of aluminum to net-
work former cations, highly active in distribution of sodium and potassium ions, which manifest them-
selves as modifier cations in the glass structure [5–8]. Addition of aluminum to glass composition sug-
gests redistribution of modifier cations between structural units due to their participation in compensa-
tion of electrical charge for the AlO4 tetrahedrons.  

 
Experimental 
Aluminum-free and aluminum-containing sodium and potassium borosilicate glasses of the chosen 

composition were synthesized with the use of following reactants: analytical grade SiO2, high purity 
grade B2O3, chemical purity grade Al2O3, chemical purity grade Na2CO3 and K2CO3, according to the 
procedure described in [2, 9]. Table 1 contains the composition of the synthesized glasses and their ref-
erence designations. The investigation of the characteristic structural features was carried out by infrared 
spectroscopy (IR) and Raman spectroscopy. IR transmission spectra were registered on the single-beam 
Fourier-transform IR spectrometer Nicolet 6700 Thermo Scientific with the use of KBr pellet pressing 
technique. The iHR 320 Labram spectrometer with Olimpus BX41 microscope was used for registration 
of Raman spectra. The obtained spectra are shown in Fig. 1–4. 
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Table 1 
Chemical composition of the synthesized glasses 

Sample Composition, mole fractions 

15N35B 0.15Na2O·0.35B2O3∙0.5SiO2 
35N15B 0.35Na2O·0.15B2O3∙0.5SiO2 
15K35B 0.15K2O·0.35B2O3∙0.5SiO2 
35K15B 0.35K2O·0.15B2O3∙0.5SiO2 

A15N35B 0.9(0.15Na2O·0.35B2O3∙0.5SiO2)+0.1Al2O3 
A35N15B 0.9(0.35Na2O·0.15B2O3∙0.5SiO2)+0.1Al2O3 
A15K35B 0.9(0.15K2O·0.35B2O3∙0.5SiO2)+0.1Al2O3 
A35K15B 0.9(0.35K2O·0.15B2O3∙0.5SiO2)+0.1Al2O3 

 

 
 

Fig. 1. IR spectra of the sodium glasses: 
 a – glasses with low content of sodium and high content of boron, b – glasses with high content of sodium 

and low content of boron (designations of the samples correspond to Table 1) 
 

 
 

Fig. 2. IR spectra of the potassium glasses: 
 a – glasses with low content of potassium and high content of boron, b – glasses with high content of potassium 

 and low content of boron (designations of the samples correspond to Table 1) 
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Results and Discussion 
All IR spectra of the synthesized glasses (Fig. 1 and 2) contain bands with maxima near 460–480, 

610–800, 800–1200 and 1350–1490 cm–1. In the IR spectra of aluminum-free sodium glasses (Fig. 1) the 
increase of alkali metal content and the decrease of boron content leads to the increase of band intensity 
for the maximum near 460–480 cm–1, the change of band shape for the maximum near 610–800 cm–1, 
and the decrease of band intensity for the maximum near 1350–1490 cm–1. In the spectrum of 35N15B 
glass the following features are observed: the band with the maximum near 1030 cm–1, which dominates 
in the spectrum of 35N15B glass, separates into two components with maxima near 945 cm–1 and 
1070 cm–1. 

Changes in the IR spectra of aluminum-free potassium glasses with similar changes in composition 
are also related to the change in band shape in the range 800–1200 cm–1 and the decrease of band inten-
sity for the maximum near 1350–1490 cm–1 (Fig. 2). At low content of potassium and high content of 
boron in the glass composition (15K35B) the band with maximum near 1030 cm–1 and the plateau near 
900 cm–1 are observed in the range 800–1200 cm–1. At the increase of potassium content and the de-
crease of boron content in the glass composition (35K15B) the maximum of this band shifts to 1000 cm–1 
with significant change in the position and intensity of its branches. 

The IR spectra of all synthesized aluminum-containing sodium and potassium glasses (A15N35B, 
A35N15B, A15K35B, A35K15B) are characterized by higher intensity of bands with the maxima near 
610–800 cm–1, significant changes in band shape in the range 800–1200 cm–1, and the increase of band 
intensity for the maximum near 1350–1490 cm–1. It is especially noticeable in the spectra of glasses with 
low content of alkali metal and high content of boron (Fig. 1 and 2). 

IR absorption near 460-480 and 1050–1090 cm–1 is related to deformation and asymmetric stret-
ching vibrations of Si–O–Si(Al) bonds in complex silicate anions [10–12], its intensity in spectra is de-
termined by the content of SiO2 in the glass composition. The band near 610–800 cm–1 makes itself evi-
dent as the superimposed on one another bands due to symmetric vibrations of Si(Al)–O–Si bonds, 
asymmetric stretching vibrations of B–O–B bonds, deformation vibrations of B–O bond in the BO3 tri-
angles, and vibrations of the bonds in the AlO4 tetrahedrons. This complicates the use of absorption in 
this range for discussion of changes in the glass structure. Absorption in the range 940–980 cm–1 is re-
lated to deformation and asymmetric stretching vibrations of B–O bond in the BO4 tetrahedra, which 
allows estimating the change of boron ions content in the tetrahedral coordination [10, 12]. The band in 
the range 1350–1490 cm–1 is related to deformation and stretching vibrations of B–O bonds of the BO3 
triangles. Decrease of its intensity reflects the decrease of the tri-coordinated boron content in the glass 
structure [10, 11]. Changes in IR spectra of glasses observed at aluminum addition correlate with the 
increase of the fraction of BO3 triangles, the decrease of BO4 tetrahedra, and the changes in the nearest 
environment of silicon atoms through the development of AlO4 tetrahedra in the glass structure, as well 
as the formation of bridging intertetrahedral Si–O–Al bonds. 

The Raman spectra of all synthesized aluminum-free sodium and potassium glasses strongly differ 
from each other. In the Raman spectrum of 15N35B glass (Fig. 3a) there are intensive bands with max-
ima at 510 and 1150 cm–1, as well as the set of closely spaced bands of lower intensity with the maxima 
near 630, 700, 760 and 800 cm–1.  In the Raman spectrum of 35N15B glass (Fig. 3b) intensive bands 
with the maxima near 600, 955 and 1090 cm–1 are observed. In the Raman spectrum of 15K35B glass 
(Fig. 4a) we have registered the intensive band with the maximum at 510 cm–1, the set of closely spaced 
bands of lower intensity with the maxima near 630, 700, 770 and 800 cm–1, as well as three weak broad 
bands with the maxima near 940, 1150 and 1450 cm–1. The Raman spectrum of 35K15B glass (Fig. 4b) 
is characterized by the band with the maximum near 600 cm–1 and the plateau near 530 cm–1, as well as 
the narrower intensive band 1095 cm–1 and weak bands with the maxima near 940 and 1450 cm–1. 

Addition of aluminum to glass composition significantly influences the position and intensity of the 
Raman bands. In the Raman spectrum of aluminum-containing sodium glass A15N35B (Fig. 3a) the 
significant decrease of the band intensity with the maxima near 630, 700 and 1150 cm–1 is observed. In 
spite of obvious differences in the spectra of parent glasses 15N35B and 15K35B, taking into account 
slight differences in intensity ratios and extra plateaus, the spectrum of aluminum-containing potassium 
glass A15K35B (Fig. 4a), has the similar appearance to the Raman spectrum of A15N35B glass. In the 
low-frequency (300–800 cm–1) part of the Raman spectrum of aluminum-containing sodium glass 
A35N15B (Fig. 3b) the band of complex shape with the maximum near 510 cm–1 and plateaus near 570, 
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630 and 750 cm–1 is registered. In the high-frequency part of the Raman spectrum of this glass the band 
with the maximum near 1050 cm–1 is observed, with strongly expressed asymmetry as viewed from low 
wavenumbers. Besides, the band of low intensity with the maximum 1470 cm–1 is clearly defined in the 
spectrum. The Raman spectrum of aluminum-containing potassium glass A35K15B (Fig. 4b) is distin-
guished from the spectrum of A35N15B glass only by the slight shift of the band maxima (510→490 
cm–1 and 1050→1070 cm–1) and better defined plateaus near 570, 630 and 750 cm–1. Hence the alumi-
num addition increases resemblance of the Raman spectra of sodium and potassium glasses of similar 
composition, both with low and high content of alkali metal. 

The bands with the maxima near 400–600 cm–1 in the low-frequency part of the Raman spectra of 
borosilicate glasses are related to symmetrical stretching and deformation vibrations of Si–O–Si(Al) and 
Si(Al)–O–B bridging bonds in anions with complex structure [13, 14]. High intensity of these bands, 

 
Fig. 3. Raman spectra of the sodium glasses: 

a – glasses with low content of sodium and high content of boron, b – glasses with high content of sodium 
and low content of boron (designations of the samples correspond to Table 1) 

 

 
 

Fig. 4. Raman spectra of the potassium glasses: 
a – glasses with low content of potassium and high content of boron, b – glasses with high content 

of potassium and low content of boron (designations of the samples correspond to Table 1) 
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observed in the Raman spectra of all investigated glasses indicate the relatively high polymerization de-
gree of their anion structure. The band with the maximum near 630 cm–1 reflects the vibrations of mixed 
silicon-boron rings, and decrease of intensity for this band indicates decrease of boron content in the 
glass composition or at decrease of its participation in formation of the mixed borosilicate rings. The 
bands in the range 700–800 cm–1 are related to vibrations of B–O bonds included in the BO4 tetrahedra, 
which helps us to use these bands for estimation of the boron state in the glass structure. The bands in 
the range 950–1150 cm–1 are related to the manifestation of stretching vibrations of the Si–O– nonbridg-
ing bonds in Q2 and Q3 structural units [15]. Their presence in the glass spectra indicates participation of 
sodium and potassium ions in coordination of the nonbridging bonds, while the observed change of 
symmetry in these bands at aluminum addition arises from the presence of the AlO4 tetrahedrons in the 
nearest environment of those structural units. The band with the maximum near 1470 cm–1 reflects the 
vibrations of the BO3 structural units. Low intensity of this band in the spectra of borosilicate glasses 
generally points at boron in tetrahedral coordination (BO4) dominating in the structure of such glasses. 

 
Conclusion 
The characteristic features of obtained Raman spectra indicate the difference in distribution of mod-

ifier cations between various kinds of structural units in the structure of aluminum-free and aluminum-
containing sodium and potassium borosilicate glasses. In aluminum-containing glasses the development 
of the AlO4 structural units, participating in formation of the bridging Si–O–Al bonds, is observed in the 
studied composition range. The fraction of the BO4 tetrahedra decreases, while the fraction of the BO3 
triangles, which form the isolated boron ring structures, increases. Mostly these changes appear in the 
glasses with low content of alkali metals and high content of boron. In the glasses with high content of 
alkali metals and low content of boron the changes touch upon the silicate part of the glass structure, too. 
The decrease of the fraction of silicate structural units with nonbridging oxygen atoms (Qn) is under 
way, as well as the decrease of the fraction of nonbridging bonds in the composition of the borate struc-
tural units. It correlates with the decrease of participation of alkali metal cations in the coordination of 
the charge of boron-containing structural units BO4, which decreases the difference in the distribution of 
sodium and potassium between silicate and borate structural units and enhances the structural semblance 
of sodium and potassium glasses with the similar composition. The significant fraction of sodium and 
potassium ions in the structure of aluminum-containing glasses participate in the coordination of the 
charge of aluminum in tetrahedral coordination, which corresponds to stronger binding of Na+ and K+ 
and promotes increase of thermal and chemical stability of matrix materials based on such glasses. 
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СПЕКТРОСКОПИЧЕСКОЕ ИССЛЕДОВАНИЕ ВЛИЯНИЯ ДОБАВОК 
АЛЮМИНИЯ НА СТРУКТУРНЫЕ ОСОБЕННОСТИ ЩЕЛОЧНЫХ 
БОРОСИЛИКАТНЫХ СТЕКОЛ 
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Методами колебательной спектроскопии изучено влияние алюминия на структуру 
щелочных боросиликатных стекол с разным соотношением катионов-
сеткообразователей и катионов-модификаторов. Установлено, что при добавлении 
небольшого количества алюминия в состав стекол происходит уменьшение различия в 
распределении натрия и калия между боратными и силикатными составляющими 
структуры боросиликатных стекол. Это позволяет рассматривать алюминий в качестве 
добавки, способствующей увеличению однородности боросиликатных стекол, 
одновременно содержащих натрий и калий, и повышению термической и химической 
устойчивости матричных материалов, создаваемых на основе этих стекол. 

Keywords: боросиликатные стекла, спектроскопия, структура, алюминий  
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A theoretical study of the crystal lattice of titanium dioxide (anatase), its spatial and 

thermodynamic characteristics, face growth characteristics and ways of formation of its 
macromolecular structures is performed. It is shown that the growth along c axis of the crystal 
is more favorable thermodynamically. The variants for controlling of the growth of various 
faces by introducing of the acidic and basic components, as well as by temperature changes 
are proposed. 

Keywords: titanium dioxide, anatase, nanostructure, thermodynamic calculations, 
kinetic features. 

 
 

Introduction 
Nanocrystalline titanium dioxide is widespread photocatalyst for destruction of organic pollutants 

[1], a semiconductor in solar cells [2], a component of ceramic, composite, catalytic [3] and sorption 
materials [4], because of its efficiency, low cost, non-toxicity, photo- and thermal stability. Frequently 
nanocrystalline titanium oxide used as the photocatalyst, because of its ability to form part of a pair of 
"electron – hole" under the UV and visible light radiation. The effectiveness of photocatalysts based on 
nanocrystalline titanium dioxide is determined by many factors, such as phase content, the morphology 
features, the specific surface area, the pore volume, the presence of dopant additives [5]. All of the 
above mentioned characteristics of the material are formed by the processes of hydrolytic or non-
hydrolytic decomposition of TiO2 precursors and templating agents used in the synthetic processes. Cur-
rently, a lot of technique allows to obtain photocatalysts with specified properties using a sol-gel or hy-
drothermal synthesis. However, most of the known methods for producing crystalline titanium oxides 
require high temperatures or pressures for crystallization of the amorphous precursor into the desired 
crystalline modification. Preparation of nanocrystalline titanium dioxide under mild conditions at a tem-
perature close to room temperature is an important problem, the solution of which will significantly re-
duce the cost of production of functional materials. A way for the achievement this goal is the usage of 
biomineralizing agents in the synthesis of titanium dioxide that allow both to obtain crystalline titanium 
dioxide under mild conditions, and to control its crystalline structure, and particles sizes. An important 
advantage of biomineralization, along with the "ecology and economy", is unequivalent or "quasi-
catalytic" nature of the process, i.e. the process does not require the equivalent amounts of template. In 
addition to the importance of the applied research of the crystalline phase of the titanium oxide forma-
tion, the problem of the general features determining the formation of metal oxide materials is funda-
mentally important. A lot of quantum DFT and ab initio calculations of the titanium dioxide, ranging 
from small particles of TiO2, to large enough nanoclusters such as Ti428O856, for example, [6–8], was 
performed. But so far, a little is known on the specific ways of macromolecular structures (phases) of 
the titanium oxide formation, on the hydrolysis of oligomeric intermediates, as well as the on the me-
chanism of formation of oligomeric intermediates themselves [9, 10]. Determination of the mechanism, 
identification of intermediates of structure formation processes, definition of the dependence between the 
structure of the template and the parameters of nanocrystalline TiO2 will create new ways for the effective 
control of the formation of titanium oxide nanostructures, which will allow to increase the characteristics 
of existing materials and yield in principally new functional materials. Therefore, the aim of this work is a 
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theoretical study of the crystal lattice of titanium dioxide (anatase), its spatial and thermodynamic characte-
ristics, face growth characteristics and pathways of formation of its macromolecular structures. 

 
Research Methodology 
The crystal structure of anatase was used for the study. X-ray diffraction data for the anatase lattice 

was taken from [11] and Crystallography Open Database (http://www.crystallography.net/ ID 9015929). 
The crystal system of anatase is tetragonal, the space group is I41/amd, unit cell parameters 
are a = b = 3.7845 Å; c = 9.5143 Å; α = β = γ = 90°. The cell volume is 136.268 Å3, ideal crystal density 
is 3.894 g/cm3. The cell contains two formula units of titanium dioxide. 

The investigation of the titanium dioxide was performed within MERA force field [12–22] begin-
ning from one unit cell (cluster formula Ti29O58) to 30 unit cells, propagated along the a and c axes of 
the crystal (cluster formula Ti870O1740). In the framework of this approach the potential energy of interac-
tions in the system is the sum of intra- and intermolecular Coulomb and Van der Waals interactions. 
Energy of intra- and intermolecular electrostatic interactions are calculated by the usual formula of Cou-
lomb's law. The energy of intermolecular van der Waals interactions is calculated using the Lennard-
Jones equation 
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e
ijR  is the equilibrium distance of the van der Waals contact of the i and j atoms, equal to the sum of 

their van der Waals radii calculated within the MERA model; 
Rij is the actual distance between the i and j atoms.  
Uij value corresponds to the minimum of potential energy of interaction between atoms i and j and can 
be calculated within the MERA model in accordance with the following formula 
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  – a constant equal to 6.662·10–14 м/К; 
k – the Boltzmann constant. 

The energy of the intermolecular van der Waals interactions and hydrogen bonds is calculated as 
follows 


  



















































M

i

M

j ijijij

e
ijij

ijijij

e
ijijijVI kcRkbRkaR

RU
kcRkbRkaR

RUpE
1 1

121212

12

666

6

)(
1

)(
1

)(
1

)(
1

)(
1

)(
12 ,

 
a, b, c – the unit cell parameters; 
k – integers 0, 1, 2, 3, … 

The calculation of the thermodynamic characteristics of the anatase crystal lattice was fulfilled us-
ing the MERA model by the scheme shown in [14, 20, 21]. The calculation of atomic charges, as well as 
the value of the charged surface was carried out within the framework of the full equalization of the or-
bital electronegativity formalism [23] in the modification of the model MERA [13]. The calculation of 
the electronegativity of crystals was performed the J. Gasteiger scheme within the formalism of full 
equalization of the orbital electronegativity [23]. 

 
Discussion 
Calculation which was fulfilled for the anatase unit cell showed the following: the portion of a 

charged cell surface, responsible for soption of polar molecules (e.g., amino acids or oligopeptides that 
can be used for hydrolytic decomposition method of TiO2 precursors), is low enough. Its value is only 
2.19 % of the unit cell total surface (the square is 3.78 Å2). About 80 % of the surface belongs to the side 
faces of the cell and just over 20 % belongs to base faces. Thus, each side face possesses about 20% of 
the charged surface, whereas each base face possesses just over 10 %. 

Modelling of the crystal lattice growth along the a axis showed the following: the thermal effect of 
the unit translation along the a axis is quite significant, the standard enthalpy is –2743 kJ/mole, the en-
tropy increment is 584 kJ/moleK, lowering of the standard Gibbs free energy is 2917 kJ/mole. Electro-
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negativity of the crystal increases with the crystal growth along a axis by 0.41 eV per cell unit. Thus the 
strength of sorption sites with respect to the positively charged hydrogens of carboxylic and ammonium 
groups of oligopeptides (which may be used in the synthesis of titanium dioxide nanosized particles). It 
should be noted that the electronegativity growth is nonlinear. The dependency represents a saturation 
curve (Fig. 1) and can be approximated by the following equation 

n
n



671.1
025.352.6 , 

χ – electronegativity of crystal eV; 
n – the number of cells along the a axis. 

Analyzing the equation, it is obvious, that the electronegativity can achieve the value 9.54 eV at the 
saturation. A 50 % degree of completion of the saturation process will be achieved when the number of 
cells will achieve n = 3. A 90 % degree of completion of the saturation process will be achieved when 
the number of cells will achieve n = 17. Since the length of the a axis is 3.7845 Å, the linear length of 
17 unit cells equals 64.34 Å, or 6,434 nm, which will be the minimum size of the crystals at the equili-
brium sorption of polar components. 

Modelling of the crystal lattice growth along the c axis showed the following: the thermal effect when 
the unit translation along the c axis even greater than for the growth along a axis and – the standard enthalpy 
is –3482 kJ/mole, the increase of entropy is also significantly higher it equals 869 kJ/moleK, lowering of the 
standard Gibbs free energy also greater and amounts to 3741 kJ/mole. Thus, the crystal growth along the c 
axis is more favorable than along the a or b axes under thermodynamic conditions. However, the number of 
side faces is twice greater than the base faces perpendicular to c axis. 
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Fig. 1. The dependency of the crystal electronegativity on the number of unit cells along the a axis 

 
Electronegativity of the crystal increases with growth along the c axis but its increment is almost 

twice less than for the growth along a axis: the increment is 0.22 eV per unit. The further electronegativ-
ity growth is nonlinear and dependency also represents a saturation curve (Fig. 2). It can be approx-
imated using the following formula 
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n – the number of unit cells along the c axis. 
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Fig. 2. The dependency of the crystal electronegativity on the number of unit cells along the c axis 

 
Analyzing the equation, it is obvious, that the electronegativity can achieve the value 8.55 eV, 

which is less than the growth along the a axis by almost one. A 50 % degree of completion of the satura-
tion process will be achieved when the number of cells will achieve n = 4. A 90 % degree of completion 
of the saturation process will be achieved when the number of cells will achieve n = 12. Since the length 
of the c axis is 9.5143 Å, the linear length of the 12 unit cells equals 114.17 Å, or 11.417 nm, which will 
be the minimum size of the crystals at the equilibrium sorption of polar components. 

A comparison of anatase crystal growth along the a and c axes shows that the more thermodynami-
cally favorable is a growth along c axis, which must provide a crystal habit elongated along c axis. 
However, when a doubling of unit cell along c axis leads to a doubling of the free energy of the growth 
along a axis. So, the next step provides adding a layer of unit cells along a direction. Thus, the ratio of 
the size of the crystal during the growth under ideal thermodynamic conditions should be the ratio of the 
free energies of growth, i.e. 

a : c = b : c = 2917 : 3741. 
 

It is possible to make changes into this ratio in any direction under kinetic conditions. Since the 
electronegativity of the crystal during the growth along the a axis increases much stronger than during 
the growth along the c axis, the insertion components with the positively charged fragments, such as ac-
ids or conjugated acids (for example, consisting of ammonia or carboxylic group) should accelerate the 
growth along the a axis and yielding smaller particles (from 6.434 nm); the insertion of the conjugate 
bases or bases should accelerate growth along the c axis and yielding larger particles (from 11.417 nm). 
It is well confirmed by the data of [24], where the sorption of neutral, acidic and basic amino acids on 
titanium dioxide is elucidated. Since the entropy factor favors the growth along the c, the growth in this 
direction will increase with the temperature increase; a reducing of the temperature will be favorable to 
growth in the direction a. In both cases possible to obtain nanosized titanium dioxide particles. 

 
Conclusion 
Some thermodynamic and kinetic factors on the growth characteristics of nanoscale titanium dio-

xide particles are studied in the work. The conditions providing larger and smaller particles with higher 
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and lower sorption capacity for acidic and basic peptides within hydrolytic decomposition method of 
titanium dioxide precursors are offered. 
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ТЕОРЕТИЧЕСКОЕ ИССЛЕДОВАНИЕ ВЛИЯНИЯ 
РЯДА ТЕРМОДИНАМИЧЕСКИХ И КИНЕТИЧЕСКИХ ФАКТОРОВ 
НА ОСОБЕННОСТИ РОСТА НАНОРАЗМЕРНЫХ ЧАСТИЦ 
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Проведено теоретическое исследование кристаллической решетки диоксида 
титана (анатаза), его пространственных и термодинамических характеристик, 
особенностей роста граней и путей формирования его макромолекулярных структур. 
Показано, что термодинамически более благоприятным является рост вдоль 
направления с кристалла. Предложены варианты управления ростом тех или иных 
граней путем введения кислотных и основных компонентов, а также посредством 
изменения температуры. 

Ключевые слова: диоксид титана, анатаз, наноструктура, термодинамические 
расчеты, кинетические особенности.  
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Triphenylbismuth bis(2-methylpropenoate) Ph3Bi(O2CMe=CH2)2 has been obtained by 

the interaction of triphenylbismuth with methacrylic acid and hydrogen peroxide in 
tetrahydrofuran. Its structure has been determined by IR and 1H NMR spectroscopy. 

Keywords: triphenylbismuth bis(2-methylpropenoate), synthesis, structure,  
IR spectroscopy, NMR spectroscopy. 

 
 

Introduction 
Organometallic compounds of bismuth are the unique reagents in the arylation reactions of amines, 

alcohols, phenols, and glycols in the presence of catalytic amounts of copper, as well as unsaturated 
compounds under the catalytic action of palladium salts. Recently, chemistry of the metal-filled 
polymers, including bismuth-containing ones, develops intensively. Some known copolymers of various 
unsaturated bismuth compounds with organic monomers are already used for the synthesis of metal-
containing polymers (including organic glasses) exhibiting the fungicidal and biocidal activity, X-ray 
protection properties [1]. For this reason the synthesis of new organic bismuth-containing compounds 
and their application as methylmethacrylate comonomers are important.  

Methods for obtaining organobismuth compounds Ph3Bi(O2CR)2 by the reaction of 
triphenylbismuth dihalides with silver, sodium and ammonium salts of carboxylic acids [24], 
triphenylbismuth carbonate with carboxylic acids [5], triphenylbismuth with carboxylic acids in the 
presence of benzoyl peroxide, Н2О2, t-BuOOH [6], triphenylbismuth with anhydrides of carboxylic 
acids in the presence of t-BuOOH [711], triphenylbismuth with tert-butylperacetate and carboxylic 
acid [1], and triphenylbismuth with peracid [3] are known.  

The aim of this work has been the synthesis of triphenylbismuth bis(2-methylpropenoate) by the 
reaction of triphenylbismuth with methacrylic acid and hydrogen peroxide. The presence of two 
methacrylate groups in the molecule can provide the use of the compound as a comonomer in the 
synthesis of a bismuth-containing polymer. 

 
Experimental 
Purification of solvents and reagents  
Benzene, diethyl ether, tetrahydrofuran (THF) were dried over CaCl2, distilled and stored over 

sodium. Chloroform was distilled, petroleum ether and bromobenzene were used without primary 
purification. Methacrylic acid was purified by sublimation.  

Synthesis of triphenylbismuth  
Triphenylbismuth was prepared by a modernized technique [2]. Magnesium chips (12 g, 0.5 mol), 

100 mL THF and 50 mL benzene were placed in a one-liter three-necked flask equipped with a stirrer, 
reflux condenser and dropping funnel. Bromobenzene (52.5 mL) was added, and then the mixture was 
heated for 1 h in an air bath. In the end the mixture was cooled, the flask was filled with argon and left 
overnight. Then the mixture was heated for dissolving of Grignard reagent, the residual magnesium was 
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filtered through a wire filter. Solution of BiCl3 (40 g, 0.13 mol) using benzene with THF (1:2) as solvent 
was added to the heated Grignard reagent. Then the reaction mixture was heated for 1 h in an air bath, 
then it was decomposed by 25 mL H2O and 100 mL saturated NH4Cl solution while cooling in a water 
bath. The top organic layer was dried by Na2SO4, the solvents were removed in a rotary evaporator at 
reduced pressure. The resultant triphenylbismuth had MP 76 ºС after purification by recrystallization 
from hot isopropyl alcohol, the product yield was 77 %. 

Synthesis of triphenylbismuth bis(2-methylpropenoate) (1) 
Methacrylic acid (1.27 mL, 15 mmol) was added to Ph3Bi solution (2.2 g, 5 mmol) in 20 mL ether, 

then 2.5 mL 2.03 M anhydrous Н2О2 solution in diethyl ether was added dropwise at cooling with cold 
water. The mixture was left at 5 °C for 38 h. The solution attained weak yellowish color; large crystals 
of product 1 were formed at the bottom of the flask. The solution was decanted from the precipitate, and 
the crystals were washed with 4 mL of ether. The product yield was 79 %, MP: 149 °C (literature data 
for the product obtained by the reaction of triphenylbismuth, tert-butylperoxide and methacrylic acid 
were 165 °C [1]). 

The product was dissolved in 10 mL of warm freshly distilled chloroform for purification by 
recrystallization. Hexane (40 mL) was added in portions of 5 mL to the transparent solution. Fine-
crystalline white precipitate was formed. For complete precipitation the solution was left in a 
refrigerator for 1.5 h. The product was filtered off by means of Shott filter, washed 2 times with 4 mL 
hexane, and then dried in the air. The product yield of compound 1 was 60 % (1.83 g), MP: 164 °C. 

After recrystallization the product did not contain impurities of methacrylic acid and 
triphenylbismuth, which was determined by thin-layer chromatography method (hexane:ethylacetate 
eluent, 4:1 by volume).  

IR spectrum 
The IR absorption spectra were recorded on the IR-spectrometer «IR Prestige-21» of the company 

Shimadzu (Japan) in a potassium bromide pellet containing 1 % of the investigated compound. 
NMR spectrum 
The 1Н, 13С-NMR spectra were recorded on the NMR-spectrometer «Ajilent DD2 400» in 

deuterochloroform. Decoding and modeling of spectra were performed using the program MestReNova 
(demo version). 

Elemental analysis 
Elemental analysis was carried out using the manual express gravimetric method based on pyrolytic 

burning of a substance in a quartz tube in oxygen flow. This method allows determination of carbon and 
hydrogen contents, as well as bismuth by the remainder of bismuth (III) oxide. An automatic CH-
analyzer was used in parallel. We developed a titrimetric method of analysis of product 1 given in the 
results and discussion section. 

 
Results and Discussion  
Compound 1 has been obtained by the method of oxidative addition from triphenylbismuth, 

hydrogen peroxide, and excess of methacrylic acid, mixed in the 1:1:3 ratio, respectively: 
 

Ph3Bi + 2 CH2=CMeCOOH + Н2О2 → Ph3Bi(O2CMeC=CH2)2 + 2 H2O                           (1) 
 
Diethyl ether was used as solvent. The reaction was carried out at room temperature. Yield of target 

product with m. p. 164 ºС equaled 60 % after recrystallization from the mixture of chloroform and 
hexane.  

Compound 1 is white crystalline substance, air- and moisture-stable, well soluble in chloroform, 
THF, methyl methacrylate, styrene, benzene, sparingly soluble in hexane and isopropyl alcohol. Good 
solubility in styrene and methyl methacrylate makes the product promising in order to obtain bismuth-
containing polymers. 

For investigation of composition and structure of compound 1, elemental analysis, 1Н, 13C NMR, 
and IR spectroscopy were used. 

The elemental analysis data are in good agreement with the calculated values. Found, %: C 51.00; 
 H 4.12; Bi 35.00 (manual apparatus for combustion); C 51.25; H 4.18 (automatic analyzer); Bi 34.23 
(titrimetric bismuth determination). Calculated for C26H25O4Bi, %: C 51.13; H 4.13; Bi 34.25. 
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For titrimetric bismuth determination, which we had worked out for the first time, a sample of the 
analyzed compound (0.050.15 g) and 5 mL of concentrated H2SO4 were heated in 100 mL conical flask 
to appearance of white vapours. Then the solution was cooled, 5 mL of concentrated HNO3 was added 
and the mixture was heated to its discoloration. After cooling of the mixture, 20 mL of water was added, 
followed by the concentrated solution of ammonia, until slightly acidic pH was reached. Xylenol orange 
indicator was added into the hot solution and it was titrated by 0.1 N solution of disodium EDTA, until 
the colour of the solution changed from pink to lemon yellow. Content of bismuth in the sample was 
determined according to the formula: 

 
ω(Bi) = 1.045Vm1, 

 
V is the equivalent volume of 0.1 N solution of disodium EDTA, mL; m is the mass of the analyzed 
sample, g. 

If addition of ammonia leads to precipitation of Bi(OH)3, it is dissolved in concentrated HNO3 and 
ammonia is again added, until slightly acidic pH is reached. 

Triphenylbismuth dicarboxylate turns into triphenylbismuth sulfate Ph3BiSO4 at heating with 
concentrated H2SO4 according to equation (2); Ph3BiSO4 decomposes with decrease of Bi oxidation 
state according to equation (3). The phenyl derivative of Bi(III) is dephenylated to Bi2(SO4)3 and 
benzene by sulfuric acid according to equation (4), benzene is sulfonated to benzenesulfonic acid 
according to equation (5): 

 
Ph3Bi(O2CMeC=CH2)2 + H2SO4 → Ph3BiSO4 + 2 CH2=CMeCOOH               (2) 

 
2 Ph3BiSO4 → (Ph2Bi)2SO4 + PhOSO2OPh                                        (3) 

 
(Ph2Bi)2SO4 + 2 H2SO4 → Bi2(SO4)3 + 4 PhH                                       (4) 

 
PhH + H2SO4 → PhSO3H + H2O                                                (5) 

 
CH2=CMeCOOH + 22 HNO3 → 4 CO2+22 NO2+13 H2O                               (6) 

 
PhOSO2OPh + 56 HNO3 → 12 CO2 + 32 H2O + 34 NO2 + H2SO4                        (7) 

 
PhSO3H + 30 HNO3 → 6 CO2 + 17 H2O + 30 NO2 + H2SO4                        (8) 

 
Concentrated HNO3 oxidizes all organic products to CO2, H2SO4 and H2O with formation of brown 

NO2 in the presence of sulfuric acid according to equations (68). 
During the titration, colour change is caused by the interaction of pink xylenol orange complex of 

triphenylbismuth sulfate with colourless disodium EDTA, that leads to formation of disodium xylenol 
orange complex with lemon yellow colour. 

As the result of the chemical analysis, described above, reproducible results have been obtained. 
Percent of bismuth has been found to be 34.23 %; this is in good agreement with the combustion results, 
described above. The suggested volumetric method of bismuth content analysis of compound 1 is faster 
and more convenient than the known gravimetric method for bismuth determination in the BiOCl form [2]. 

In IR spectrum of the product, the medium absorption band, due to the stretching vibrations of BiC 
bonds, is at 679 cm1. The band at 449 cm1 belongs to the stretching vibration frequency of BiO bonds. 
The strong bands with maxima at 1362 cm1 and 1559 cm1 are related to the asymmetric and symmetric 
absorption vibration frequencies of СОО groups, respectively. The band with maximum at 3045 cm1 
belongs to the stretching vibration frequency of СH bonds of phenyl groups. The wavenumbers of the 
noted vibrations are close to similar values for triphenylantimony dimethacrylate [12]. 

In 1Н NMR spectrum of compound 1 the multiplet of protons of Ph groups is observed in a weak 
field (δ 7.4–8.2 ppm); two singlets of CH2 protons are observed in a stronger field (5.9 and 5.3 ppm); the 
singlet of CH3 protons is observed in a strong field (1.8 ppm). The chemical shift values of these proton 
groups are close to similar values for triphenylantimony dimethacrylate [12]. In 13C NMR spectrum of 
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compound 1 the signals of carbon atoms of phenyl groups (130.5; 130.9; 133.8; 160.4 ppm) and 
methacrylate groups (19.0; 122.9; 139.1; 173.5 ppm) are present. 

 
Conclusions 
1. Triphenylbismuth bis(2-methylpropenoate) has been synthesized by the reaction of 

triphenylbismuth with hydrogen peroxide and methacrylic acid. 
2. The compound is air- and moisture-stable, well soluble in chloroform, THF, methyl methacrylate, 

styrene, benzene, sparingly soluble in hexane and isopropyl alcohol. 
3. Composition and structure of the product have been confirmed by means of IR, 1H, 13C NMR 

spectroscopy, and elemental analysis. 
4. New technique for titrimetric bismuth content analysis of triphenylbismuth bis(2-

methylpropenoate) has been suggested. 
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СИНТЕЗ БИС(2-МЕТИЛПРОПЕНОАТА) ТРИФЕНИЛВИСМУТА 
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Взаимодействием трифенилвисмута c метакриловой кислотой и пероксидом 

водорода в тетрагидрофуране получен бис(2-метилпропеноат) трифенилвисмута 
Ph3Bi(O2CMe=CH2)2, строение которого подтверждено данными ИК- и 1Н ЯМР-
спектроскопии. 

Ключевые слова: бис(2-метилпропеноат) трифенилвисмута, синтез, строение, 
ИК-спектроскопия, ЯМР-спектроскопия. 
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The structures of 4-nitrobenzaldoxime (1) and cynnamaldoxime (2) have been 

determined by X-ray diffraction analysis. In the oxime molecules the distances C=N, NO 
have the usual values for oximes (1.267(3), 1.403(2) Å for 1 and 1.278(4), 1.395(3) Å for 2a, 
1.284(4), 1.384(3) Å for 2b). In crystals the oximes are observed as dimers: two oxime 1 
molecules are interconnected by two hydrogen bonds N(1A)H(1B) (2.12 Å), two oxime 2 
molecules are interconnected by the single hydrogen bond N(1A)H(1B) (1.66 Å).   

Keywords: 4-nitrobenzaldoxime, cynnamaldoxime, molecular structures, X-ray analysis. 
 
 

Introduction 
Oximes are mono-, bi- and tridentate chelating ligands, which form numerous metal complexes that 

are well studied and find wide practical application. At the present time the crystalline and molecular 
structures of more than 3000 oximes are known, of which about 300 oximes are derivatives of benzalde-
hyde oxime [1].  

 
Experimental 
X-Ray diffraction analysis of crystals 1 and 2 was carried out on the Bruker D8 QUEST automatic 

four-circle diffractometer (Mo K- emission,  = 0.71073 Å,  graphite monochromator). Using SMART 
and SAINT-Plus programs, data were collected, edited; unit cell parameter and absorptivity were refined 
[2]. All calculations needed for determination and refinement of molecular structures were done using 
SHELXL/PC program [3]. The structures 1 and 2 were determined using the direct method and refined 
with the least squares method, all non-hydrogen atoms were refined anisotropically.  

Selected crystallographic data and structure refinement results are listed in Table 1, selected bond 
lengths and bond angles are summarized in Table 2. 

Table 1  
Crystallographic data, experimental and structure refinement parameters for compounds 1–2 

 

Parameter Value 
1 2 

Formula C7H6O3N2 C18H18N2O2 
Formula weight 166.14 294.34 

Т, К 296(2) 296(2) 
Crystal system Monoclinic Оrthorhombic  
Space group P21/c Pbca 

a, Å 6.2548(3) 10.2935(11) 
b, Å 4.8928(2) 7.7033(8) 
c, Å 24.7226(11) 41.297(4) 
, deg 90.00 90.00 
β, deg 94.536(2) 90.00 
, deg 90.00 90.00 
V, Å3 754.23(6) 3274.6(6) 

Z 4 8 
(calcd), g/cm3 1.463 1.194 
, mm–1 0.117 0.079 
F(000) 344.0 1248.0 
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Table 1 (end) 

Crystal size, mm 0.78×0.55×0.22 0.25×0.22×0.16 
2Θ range of data collection, deg 6.62  70.14° 6.68  39.18° 

 
 

Range of refraction indices 

 
10 ≤ h ≤ 9,  
7 ≤ k ≤ 7,  
29 ≤ l ≤ 39 

 
9 ≤ h ≤ 9,  
7 ≤ k ≤ 7,  
35 ≤ l ≤ 38 

Measured reflections 8109 6468 
Independent reflections, Rint 3217 (Rint = 0.0274) 1428 (Rint = 0.0475) 

Refinement variables 110 271 
GOOF 1.140 1.078 

R factors for F2 > 2(F2) R1 = 0.0855, wR2 = 0.2119 R1 = 0.0367, wR2 = 0.0918 
R factors for all reflections R1 = 0.1197, wR2 = 0.2293 R1 = 0.0565, wR2 = 0.1003 
Residual electron density 

 (min/max), e/A3 0.41/0.34 0.11/0.15 

 
                                                                                                                                                                                            Table 2 

Selected bond lengths and bond angles in the structures of compounds 1–2 
 

Bond d, Å Angle , deg Bond d, Å Angle , deg 
1 2 

C(4)–N(2) 1.467(2) C(3)C(4)N(2) 119.12(15) O(1)N(1) 1.395(3) C(9)N(1)O(1) 111.8(3) 
C(4)C(5) 1.377(2) C(5)C(4)N(2) 118.45(15) С(1)C(7) 1.452(4) C(8)С(7)C(1) 128.3(3) 
C(1)C(6) 1.392(2) C(2)C(1)C(7) 122.72(16) С(1)C(2) 1.390(4) C(7)С(8)C(9) 123.1(4) 
C(1)C(2) 1.397(2) O(2)N(2)C(4) 118.20(15) С(1)C(6) 1.382(4) C(12)С(11)C(16) 119.6(3) 
C(1)C(7) 1.465(2) O(2)N(2)O(3) 123.84(16) N(1)C(9) 1.278(4) C(15)С(11)C(12) 118.2(3) 
C(3)C(2) 1.383(3) O(3)N(2)C(4) 117.96(15) С(7)C(8) 1.324(4) C(15)С(11)C(16) 122.2(3) 
N(2)O(2) 1.218(2) C(5)C(6)C(1) 120.85(16) O(2)N(2) 1.384(3) C(17)N(2)O(2) 111.5(3) 
N(2)O(3) 1.220(2) C(3)C(2)C(1) 120.41(16) С(8)C(9) 1.441(4) N(2)C(17)C(10) 128.3(4) 
C(6)C(5) 1.384(3) N(1)C(7)C(1) 122.34(18) N(2)C(17) 1.284(4) C(16)C(10)C(17) 123.1(4) 
C(7)N(1) 1.267(3) C(4)C(5)C6 118.41(16) С(17)C(10) 1.427(4) C(10)C(16)C(11) 128.5(4) 
N(1)O(1) 1.403(2) C(7)N(1)O(1) 111.08(18) С(10)C(16) 1.331(4) N(1)C(9)C(8) 129.2(4) 

 
The full tables of atomic coordinates, bond lengths, and bond angles are deposited with the Cam-

bridge Crystallographic Data Centre (CCDC 1045607, 1049482; deposit@ccdc.cam.ac.uk; 
http://www.ccdc.cam.ac.uk). 

 
Results and Discussion  
Oximes in the crystalline state exist as dimmers, in which oxime molecules are interconnected by 

two intermolecular hydrogen bonds NH. For example, in the 4-dimethylaminobenzaldoxime dimer 
(Fig. 1) intermolecular hydrogen bonds NH are equal to 2.09 Å [4] (the sum of Van der Waals radius-
es of the said elements is equal to 2.70 Å [5]).  

 

 
 

Fig. 1. Intermolecular hydrogen bonds in 4-dimethylaminobenzaldoxime crystal 
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We have found that such intermolecular hydrogen bonds exist in 4-nitrobezaldoxime crystal (1), too 
(Fig. 2).  

 
 

 
 

Fig. 2. Intermolecular hydrogen bonds NH in 4-nitrobezaldoxime crystal (1) 

We have also found that in the cynnamaldoxime crystal (2) two oxime molecules are connected in 
the dimer by only one abnormally short (1.66 Å) intermolecular hydrogen bond (Fig. 3). 

 

 
 

Fig. 3. Intermolecular hydrogen bond N(A)H(B) in cynnamaldoxime dimer (2) 

In oxime molecules the distances C=N, NO have the usual values for oximes (1.267(3), 1.403(2) Å 
for 1 and 1.278(4), 1.395(3) Å for 2а, 1.284(4), 1.384(3) Å for 2b). Note the unusual linkage of two 
oxime molecules 2 into the dimer by only one intermolecular hydrogen bond, which is not typical for the 
most oximes [1]. 

 
Conclusion 
Thus, 4-nitrobezaldoxime and cynnamaldoxime crystals exist as dimers interconnected by two or 

one intermolecular hydrogen bonds NH, respectively.  
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СТРОЕНИЕ 4-НИТРОБЕНЗАЛЬДОКСИМА 
И ЦИННАМАЛЬДОКСИМА 
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Строение 4-нитробензальдоксима (1) и циннамальдоксима (2) определено методом 
рентгеноструктурного анализа. В молекулах оксимов расстояния C=N, N-O имеют 
обычные для оксимов значения (1,267(3), 1,403(2) Å для 1 и 1,278(4), 1,395(3) Å для 2а, 
1,284(4), 1,384(3) Å для 2б). В кристаллах оксимы находится в виде димеров: две 
молекулы оксима 1 связываются между собой двумя водородными связями 
N(1A)H(1B) (2,12 Å), две молекулы оксима 2 связаны между собой единственной 
водородной связью N(1A)H(1B) (1,66 Å).   

Ключевые слова: 4-нитробензальдоксим, циннамальдоксим, молекулярные 
структуры, рентгеноструктурный анализ. 
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