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GRAPHICAL ABSTRACT

The crystal structure of PBTC, one of the most widely used scale inhibitors in cooling water treatment,
exhibits a complicated network of hydrogen bonds that are formed between the water molecule of
crystallization, the -P—OH and the -COOH groups.
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ABSTRACT

Industrial water systems often suffer from undesirable inorganic deposits, such as calcium carbonate,
calcium phosphate(s), magnesium silicate, and others. Synthetic water additives such as phosphonates and
phosphonocarboxylates are the most important and widely utilized scale inhibitors in a plethora of industrial
applications. The design of efficient and cost-effective inhibitors, as well as the study of their structure and
function at the molecular level are important areas of research. This study reports the crystal and molecular
structure of PBTC (PBTC = 2-phosphonobutane-1,2,4-tricarboxylic acid), one of the most widely used scale
inhibitors in the cooling water treatment industry. Triclinic PBTC monohydrate crystallizes in the Pi space
group with cell dimesions, a = 7.671(1) A, b = 8.680(1) A, c = 9.886(1) A, o = 65.518(2) deg, B = 71.683(2)
deg, v = 76.173(2) deg, V = 564.20(11) A, and Z = 2. Bond distances in the —PO, moiety are 1.4928(10) A
for the P=O double bond and 1.5294(10) A and 1.5578(10) A for the two —~P-O(H) groups. P-C and C-O
bond lengths fall in the normal range. A network of hydrogen bonds are formed between the water molecule
of crystallization, the —-P—OH and the ~-COOH groups.

Keywords: phosphonates, carboxylates, PBTC, hydrogen bonding, scale inhibitor

INTRODUCTION

Most unsoftened (raw) industrial waters contain alkaline earth metal cations such as calcium, magnesium,
barium, etc. These, particularly calcium, cause enormous problems when combined with polyanions, such as
carbonate, phosphate or sulfate, and the solubility products of the corresponding salts are exceeded. The
major resulting problems arc precipitation and deposition of these insoluble mineral salts, unfortunately, onto
the most critical cquipment surfaces. Calcium carbonate /1/ and calcium phosphates /2/ are the most
frequently encountered deposits. The accumulation of these deposits greatly diminishes cifective heat
transfer, interferes with fluid flow, facilitates corrosion processes, and can worsen microbiological fouling
/3/. These phenomena are most critical in cooling water applications, where incoming water passes through a
heat exchanger, cools a “hot” process and is sent back to repeat the same cooling process after it is cooled by
forced cvaporation /4/. This water loss by evaporative cooling results in high supersaturation levels of the
above ions. Eventually, massive precipitation of sparingly soluble mincral salts can occur, cither in bulk or
on a surface that, in some cases, causes catastrophic operational failures.

Scale prevention can be achieved by use of scale inhibitors, key components of any chemical water
treatment /6/. These are compounds (small molecules) that are added to any given treatment in minute (ppm)
quantities and usually work synergistically with dispersant polymers /7/.

Phosphonates, or organic phosphates belong to a fundamental class of such compounds /8/. These usually
(although not always) contain multiple phosphonate groups (R-PO;H,, R = organic chain) and are most
commonly found in their deprotonated form, due to the relatively high water pH. Phosphonates arc uscd

extensively in cooling water treatment programs /9/, oilfield applications /10/ and corrosion control /11/. The
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structures of some common commercially available phosphonates are given in Figure 1. PBTC, HEDP
(hydroxy-ethylidenediphosphonate) and AMP (amino-tris-methylenephosphonate) are “popular” and

effective commercial scale inhibitors /12/.
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Fig. 1: Representative schematic structures of some representative mineral scale inhibitors. The
symbol abbreviations are as follows: AMP amino-tris-mcthylene phosphonate, HEDP 1-
hydroxyethylidene-1,1-diphosphonic acid, PBTC 2-phosphonobutane-1,2 4-tricarboxylic acid, PAA
polyacrylic acid, HMDTMP hexamethylene-N,N’,N’,N’-diamine tetramethylenephosphonic acid,
DETMP diethylene triaminepenta (methylenephosphonic acid).

Phosphonates are thought to achieve scale inhibition by adsorbing onto specific crystallographic planes of
a growing crystal nucleus after a nucleation event. This adsorption prevents further crystal growth and
agglomeration into larger aggregates /13/.

Phosphonic acids have also attracted significant attention due to their utility in supramolecular chemistry
and crystal engineering /14/. Metal phosphonates commonly form pillared-layered inorganic-organic hybrid
materials and microporous solids /15/. Their properties can be useful for intercalation, catalysis, sorption, and
ion exchange. In these architectures hydrogen bonds are predominant resulting in one-, two, and three-
dimensional supramolecular networks.

Understanding the intimate mechanisms of scale inhibition by phosphonate inhibitors requires a closer

look at the molecular level of their possible function. On the other hand, structural elucidation of
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phosphonate “building blocks” as well as their potential supramolecular architectures may lead to the
designed synthesis of new solids with novel properties. The present study aims towards this direction. In this
report, the crystal and molecular structure of PBTC, 2-phosphonobutane-1,2,4-tricarboxylic acid is reported,

where the presence of an extensive network of intermolecular hydrogen bonds is predominant.

EXPERIMENTAL SECTION

Preparations

PBTC is available in acid form under the commercial name Dequest 7000 as 50 % w/w solution in water
and was used as received (Solutia UK, Newport, United Kingdom). Single crystals of PBTC-H,O suitable for
crystallographic determination were obtained by slow evaporation of a concentrated solution of the
compound. Crystals of PBTC-H,0 formed star-like aggregates that nceded to be cleaved in order to select a
single crystal for structure determination. Several of those regularly shaped (rectangular plates), colorless
crystals were selected, sealed in an air-tight vial (to avoid possible dehydration) for single crystal X-ray data

collection.

X-ray Structure Determination: Data Collection, Solution and Refinement of the Structure.

Relevant information concerning crystal data, intensity collection information, and structure refinement
parameters for the structure are provided in Table 1. Suitable crystal was mounted on a glass fiber.
Diffraction data were collected on a Bruker SMART CCD 1K diffractometer. The frame data were acquired
with the SMART /16a/ software at 298 K using Mo Ka radiation (A = 0.71073 A). Final values of the cell
parameters were obtained from least-squares refinement of the positions of all observed reflections. A total of
1271 thirty-second frames were collected in three sets with 0.3° w-scan. The frames were then processed
using the SAINT software /16b/ to give the hkl file corrected for Lorentz and polarization effects. A multi-
scan absorption correction was applied. The structure was solved by direct method using the SHELX-90
/16¢/ program and refined by least-squares method on 2, SHELXTL-93 /16d/. incorporated in SHELXTL,
Version 5.1 /16¢/. The initial E-map yielded all non-hydrogen atom positions. Hydrogen atoms for carbons
were geometrically positioned and left riding on their parent atoms during structure refinement. The
hydrogen atoms for oxygens were located from the Fourier map, fixed at appropriate distances and let to ride
on the parent oxygen atoms. The molecular structure of PBTC is shown in Figure 2 with 50 % probability
ellipsoids. A view of a PBTC molecule connected to its neighbors through hydrogen bonds is shown in
Figure 3. A packing diagram down the x-axis is shown in Figure 4.

The crystal of PBTC-H,0 contains a molecule of H,O per asymmetric unit. Final positional parameters,
along with their standard deviations as estimates from the inverse matrix are given in Table 2. Bond lengths
in PBTC-H,0 are given in Table 3 and angles are given in Table 4. Hydrogen bonds are given in Table 5.
Crystallographic data for PBTC-H,0 have been deposited with CCDC, with number 258094. Copies of the

data can be obtained from deposit@ccdc.com.ac.uk or www.cede.com.ac.uk.
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Table 1

Summary of Crystal Data, Intensity Collection and Structure Refinement Parameters for PBTC-H,0.

Compound

Formula

Molecular Weight
a(A)

b(A)

c(A)

o (deg)

B (deg)

Y (deg)

V(A

4

Crystal System

Space Group

Crystal Size (mm)

deaics (g/cm’)
Diffractometer
Radiation

Collection Temperature
Absorption coefficient !, cm’!
F(000)

20x range (deg)

Total Reflections
Independent Reflections
Refined Reflections (I,y>201,,)
Refinement method

Index ranges

PBTC-H,O

C7H;30,P

288.14

7.6711(8)

8.6804(10)

9.8856(11)

65.518(2)

71.683(2)

76.173(2)

564.20(11)

2

triclinic

Pl

0.26 x0.22x0.14

1.696

Bruker AXS SMART 1K CCD
Mo Ko (A=0.71073 A)

298(2) °C

0.292

300

4.66 to 55.94

3505

2524 [R(int) = 0.0194]

2273 [R(int) = 0.0188]
Full-matrix least squares on F
9<h<10,-11<k<7,-12</<12

Number of Parameters 166

R (%)" (R (%), all reflections) 3.07 (3.40)
R, (%)° (R, (%), all reflections) 8.48 (8.69)
Goodness of Fit° 1.04
Deepest Hole (e/A%) -0.319
Highest Peak (e/A%) 0.327

*R = (|Fo-Fc|)/Z[Fo| "Ry = [E (W[Fo-Fc])2/Zw(F)2]11/2

“GoF = [Zw(Fo-F o)2/(no. of reflections - no. of parameters)]

12
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Fig. 3: A view of the PBTC-H,O0 structure showing all hydrogen bonds.

124



K.D. Demadis et al. Bioinorganic Chemistry and Applications

Fig. 4: A packing diagram of the PBTC-H,0 structure down the x-axis.

RESULTS AND DISCUSSION

Crystal Structure and Lattice

The presence of protonated phosphonate and carboxylate groups as well as the water molecule creates an
intricate network of hydrogen bonding. The complexity of the structure can be seen in Figures 3 and 4.
Hydrogen bonding distances are reported herein as D---A (donor---acceptor) and H-bonds are given notations
such as a, b, ¢, etc.

The -POsH, group acts as both donor and acceptor and forms two sets, a total of four, H-bonds. The first
set forms between the -P=0 (from one molecule), the —~P-O(H) (from a neighboring molecule) and two water
molecules of crystallization. This H-bonding mode forms an 8-member ring (not counting the H atoms) and
is locally centrosymmetric. The O(9)-H(9)--O(10™) distance (bond a) is rather short, 2.4622(14) A. The O(9)-
H(9)--O(10”) angle is slightly bent, 164.8°. The O,(10”)-H,(1)---O(7) distance (bond b) is much longer,
2.6736(15) A. The 0,(10”)-H,(1)--O(7) angle is 161.6°.

The second set consists of two hydrogen bonds. These are formed between the P=0 portion of the -PO;H,
group and the —OH group of the carboxylate of a neighboring molecule, and between the second —P-O(H)

group and the carbonyl —C=0 portion of the same carboxylate. This generates a 6-member ring (not counting
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Table 2
Atomic Parameters x,y,z (xlO“) for PBTC-H,0.
Estimated Standard Deviations (esd’s) refer to the last digit printed.
Atom X y z

P(1) 1983(1) 6787(1) 6992(1)

o) 6270(2) 8839(2) 8665(2)

0(2) 3351(2) 9030(2) 10025(2)

(0]))] -336(2) 13121(2) 6404(2)

0(4) 2312(2) 13816(2) 4663(2)

0(5) -652(2) 7318(2) 10192(2)

0(6) 1871(2) 5480(2) 10672(2)

o(7) 2687(2) 4932(2) 7570(2)

o(8) -84(2) 7080(2) 6941(2)

09 3046(2) 7859(2) 5406(2)

C() 4533(2) 8587(2) 9060(2)

C(2) 4190(2) 7681(2) 8177(2)

C(3) 2128(2) 7837(2) 8233(2)

C4) 1143(2) 9707(2) 7721(2)

C(5) 2287(2) 10967(2) 6324(2)

C(6) 1269(2) 12728(2) 5825(2)

C() 1110(2) 6768(2) 9847(2)

0,(10) 4275(2) 7162(2) 3079(2)
Table 3
Selected bond distances (&) in PBTC-H,O0.

Bond Distance Bond Distance
P(1)-O(7) 1.4928(10) 0(5)-C(7 1.3065(16)
P(1)-0(9) 1.5294(10) 0(6)-C(7) 1.2195(16)
P(1)-0(8) 1.5578(10) C(1)-C(2) 1.5039(18)
P(1)-C(3) 1.8465(12) C(2)-C(3) 1.5405(16)
O(1)-C(1) 1.3101(17) C(3)-C(7) 1.5338(16)
0(2)-C(1) 1.2146(18) C(3)-C4) 1.5602(16)
0(3)-C(6) 1.2151(17) C(4)-C(5) 1.5226(18)
0(4)-C(6) 1.3180(16) C(5)-C(6) 1.4957(18)
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Table 4
Selected angles (deg) in PBTC-H,O0.

Angle Degrees Angle Degrees
O(7)-P(1)-0(9) 115.97(6) C(2)-C(3)-C(4) 114.50(10)
O(7)-P(1)-0(8) 111.44(6) C(7)-C(3)-P(1) 104.62(8)
0(9)-P(1)-0(8) 106.99(6) C(2)-C(3)-P(1) 107.24(8)
O(7)-P(1)-C(3) 111.46(6) C(4)-C(3)-P(1) 109.84(8)
0(9)-P(1)-C(3) 103.17(6) C(5)-C(4)-C(3) 114.48(10)
0O(8)-P(1)-C(3) 107.15(6) C(6)-C(5)-C(4) 112.95(11)
0(2)-C(1)-0(1) 123.82(13) 0(3)-C(6)-0(4) 123.48(12)
0(2)-C(1)-C(2) 124.37(12) 0(3)-C(6)-C(5) 124.53(12)
0(1)-C(1)-C(2) 111.81(12) 0(4)-C(6)-C(5) 111.98(12)
C(1)-C(2)-C(3) 113.18(10) 0(6)-C(7)-0(5) 124.23(12)
C(1)-C(3)-C(2) 109.40(10) 0(6)-C(7)-C(3) 122.40(11)
C(7)-C(3)-C(4) 110.72(10) 0(5)-C(7)-C(3) 113.23(10)

Table §

Hydrogen Bonds in PBTC-H,0 with H---A <r(A) + 2.000 A and £ D-H-A > 110 deg.

D-H H---A D--A £ D-H-A angle symmetry operation
(deg)

0.82 1.95 2.7674(15) 171.2 O(1)-H(1)---0(2") [-x+1, -y+2, -z+2 ]

0.82 1.87 2.6903(14) 177.0 04)-H4)---0(3") [-x, -y+3, -z+1 |

0.82 1.81 2.6171(13) 165.7 O(5)-H(5)---O(7") [-x, -y+1, -z+2 ]

0.79 1.94 2.7319(14) 171.1 O(8)-H(8)---0(6”) [-x, -y+1, -z+2 ]

0.82 1.67 2.4622(14) 164.8 0(9)-H(9):--0(10%) [x,y, 7]

0.82 1.89 2.6736(15) 161.6 0,(10)-Hy(2)---O(7) [-x+1, -y+1, -z+1 ]

0.82 2.31 2.9552(17) 135.6 0,(10)-H,(2)--0(3) [-x, -y+2, -z+1 ]

the H atoms). The O(7)--H(5°)-O(5") distance (bond c) is 2.6171(13) A and the O(8)-H(8)--O(6)’ bond
distance is 2.7319(14) A. The O(7)--H(5°)-O(5°) angle is 165.7° and the O(8)-H(8)---O(6)" angle is 171.1°.

The O(7) atom of the phosphonate —P=0 group participates in two H-bonds and acts as a bridge between
a water proton and a carboxylate proton. These bonds are dissimilar in length (2.6736(15) A in the former
and 2.7319(14) A in the latter). It appears that the formation of the 4-member ring facilitates a shorter H-
bond compared to that from an 8-member ring.

The ~COOH group at the 2’ position participates in hydrogen bonding interactions with the -PO3;H, group
as described above.
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The ~COOH group at the 4° position forms a commonly seen “dicarboxylate dimer” with a neighboring
carboxylate also at the 4’ position. This “dimer” sits on a “local” inversion center. The bond distance is
2.6903(14) A for O(4)-H(4)-+O(3’). The O atom of the carboxylate C=O group also forms a very long H-
bond with on of the water protons, at a distance of 2.9552(17) A.

The —COOH group at the 1° position forms the aforementioned “dicarboxylate dimer” with a neighboring
carboxylate (also at the 1” position) forming a 6-member ring. The H-bonding distance is 2.7674(15) A.

Bond lengths are presented in Table 3. All three carboxylate and the phosphonate groups in PBTC are
protonated. The P=0O double bond length is 1.4928(10) A, whereas the P-O single bonds are 1.5294(10) A
and 1.5578(10) A. The P-C bond length is 1.8465(12) A and it falls in the normal range (1.8-1.9 A) for such
bonds /8f,14,15/.

Vibrational spectroscopy

A very broad and intense band appears around 1700 cm™ in the IR spectrum of PBTC (in KBr pellets).
This is characteristic of uncoordinated, protonated carboxylate and is assigned to the C=O stretch of ~-COOH
/17/. The width and asymmetry of this band indicates that it is mixed with the band arising from water of
crystallization, and is consistent with the presence of extended hydrogen bonding.

Multiple bands appear in the region 900-1150 cm™ characteristic of -PO; stretching frequencies /18/.
Multiple C-C vibrations appear around 1400 cm™. O-H stretching vibrations appear at 3400-3550 cm’!
associated with —~OH from phosphonate/carboxylate groups and water of crystallization. Assignments for the
P-OH stretching vibration (around 880 cm™) and the bending deformation mode of H,O (around 660 cm’)
were not possible due to the unusually high noise in that region of the spectrum. Our attempts to obtain better

quality spectra were unsuccessful.

Structural features of phosphonates: Literature examples

There exists a plethora of crystal and molecular structures of mono-phosphinates /19/ and mono-
phosphonates /20/ in the crystallographic literature. In addition, an extensive number of structures of bis-
phosphonates /21/ exist. Furthermore, ab initio studies on relevant organophosphorous compounds and their
Ca complexes have been carried out /22/. Substantial interest has becn focused on 1,1-bis-phosphonates (or
gem-bis-phosphonates) because there are data available that point to their better performance as scale
inhibitors than mono-phosphonates /23/. On the other hand, two neighboring (geminal) phosphonate groups
are not a necessary requirement for good inhibition. AMP and PBTC are examples of excellent CaCOs
inhibitors although they do not possess gem-bis-phosphonate groups /24/. A bricf review of representative
literature cases relevant to this study is presented below.

HEDP is one of the most widely used phosphonate in the field of water treatment. lts crystal structure as a
monohyrdate consists of columns of symmetry-related HEDP molecules linked together by a complex
hydrogen-bonding network of hydroxyl and phosphonic acid groups /21k/. All hydrogen-bonding is
intermolecular. All four of phosphonic acid hydrogens are involved in hydrogen bonds. P-O(H) bond lengths
arc in the range 1.537-1.559 A. P=0 bond lengths are ~1.506 A.
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The crystal structure of the closely related methylenediphosphonic acid has been reported /21c/. Every
phosphonyl hydrogen is asymmetrically bonded to two oxygen atoms to form an extensive three-dimensional
network of hydrogen bonds involving all molecules of the unit cell. Each P=0O oxygen is an acceptor of two
intermolecular hydrogen bonds, while each P-O(H) oxygen is bonded to a single hydrogen.

A molecule of relevance is ethane-1,2-diphosphonic acid, which has two methylene groups (instead of
one) separating the phosphonate groups /21b,c/. Molecules of ethane-1,2-diphosphonic acid pack within the
unit cell in such a manner that the C-C bond is located at an inversion center. There is no intramolecular
hydrogen bonding. Each hydrogen atom is asymmetrically bound to two oxygens, with P=0 oxygens
bonding to two hydrogens, as in the case with methylenediphosphonic acid.

An addition to the above pair of bis-phosphonates is the structure of propane-1,3-diphosphonic acid /21d/.
It consists of two non-related and unique molecules that adopt different configurations. The atoms in each
molecule are oriented to form P-C-C-C-P chains that are linked via hydrogen bonding (closest contacts
2.603(3) A and 2.580(10) A).

The molecular structure of a biologically active bis-phosphonate, 1-hydroxy-2,2,2-trifluoroethylidene-bis-
phosphonic acid, was reported as its fris(trimethylsilyl) ester derivative /21a/. The perfluoroalkyl groups were
introduced in order to increase its lipophilicity. Molecules of the perfluorophosphonate were found to arrange
pair-wise in the unit cell via two P=0---HO-P and two P=0-+HO-C hydrogen bonds.

The structures of two halo-bis-phosphonates were reported. These are fetrakis(1-methylethyl)
(dichloromethylene)bisphosphonate, and tetramethyl (dibromomethylene) bisphosphonate /21j/ P-O and P-C
bond lengths fall within the normal range.

The molecular and crystal structure of di-r-butylphosphinic acid was determined by single-crystal X-ray
and neutron diffraction /19/ It reveals a dimeric arrangement in the solid state held by strong hydrogen bonds
(2.506(18) A). The 8-member ring that forms as a result of this intermolecular hydrogen bonding has 1 site
symmetry and shows a small chair-conformation distortion from planarity. The P-O bond lengths are
1.521(8) A and 1.520(6) A, an indication that the O atoms are essentially equivalent. There also appear to be
weak C-H--O interactions that fix the methyl group orientations resulting into an overall eclipsed
conformation.

In the structure of tetrasodium carbonyldiphosphonate the presence of the C=0 group forces the C-(POs),
group to be coplanar. The P-C-P and P-C-O angles are 120.7 and 119.6, respectively, statistically the same as
the 120° ideal value. The P-C bond length is 1.874(1) A /21V/.

CONCLUSIONS

The crystal and molecular structure of 2-phosphonobutane-1,2,4-tricarboxylic acid monohydrate is
reported. The water of crystallization and phosphonate and carboxylate groups participate in extensive
intermolecular hydrogen bonding. Similar intermolecular hydrogen interactions have been observed in the
structure of anilinium butanebisphosphonate /25/. The -PO;H, group acts as both donor and acceptor and
forms two sets, a total of four, H-bonds. The first set forms between the -P=0 and —P-O(H) and the water of
crystallization. The second set consists of two of hydrogen bonds between the P=0 portion of the phosphate
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group and the —~OH group of the carboxylate of a neighboring molecule, and between the second —P-O(H)
group and the carbonyl —C=0 portion of the same carboxylate.

In spite of intensive research the quest for the “ideal” scale inhibitor is an ongoing endeavor /26/. Such an
inhibitor must possess the following highly desirable properties: (a) excellent scale inhibition performance,
(b) high Ca tolerance (resistance to Ca-inhibitor salt precipitation), (c) stability towards oxidizing biocides,
(d) thermal stability (for high temperature applications), and (d) low production cost.

Certain phosphonates used extensively in the water treatment industry have limitations. They are known
to be susceptible to oxidation by chlorine or bromine-based biocides (necessary to control microbiological
growth in industrial waters) /27/. HEDP, AMP and certain aminomethylene phosphonates are examples of
this class. Orthophosphate (PO,”), one of the final products of this oxidative degradation, can cause
additional problems because of the potential to form calcium phosphate scale (in addition to the existing
possibility of other scales). These phosphonates can also form precipitates with calcium that form deposits
/28/. Therefore, phosphonates that are resistant to decomposition by oxidative biocides and exhibit high
calcium tolerance are highly desirable. PBTC is virtually immune to biocides such as chlorine, bromine,
hypochlorite and others, and does not decompose to any appreciable extent, at least at “normal” biocide
dosage (see following paper). It also shows high calcium tolerance. These properties together with its
excellent inhibition performance make PBTC a molecule of great interest and a subject of study in our group.
Future studies will involve computational approaches to interactions of PBTC with sparingly soluble salt
crystal surfaces. Such studies have been performed for interactions of phosphocitrate (a potent
biomineralization inhibitor /29/) with calcium pyrophosphate dihydrate /30/ and hydroxyapatite surfaces /31/.

The systematic synthesis of a plethora of phosphonates and their metal salts, their structural

characterization and potential applications of these novel structures are currently underway in our laboratory
/32/.
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