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The Hartman—Perdok theory enables one to establish the order of morphological importance of the ADP (NH4H2PO4) crystal
faces from its crystal structure. Periodic Bond Chains (PBC’s) have been obtained using the N—HN 0 strong bonds between the
ionic [NH4]~ and [H2P041 crystallization units. The PBC’s are parallel to <100), [0011,<~ ~) and K~ ~). The F faceswhich grow
slowly according to a layer mechanism, are {011} and (010). The elementary growth layer of (011) is not uniquely determined. Two
layers bounded by either [H2P04] or [NH4]~ ions are possible. Hence the growth form of ADP is prismatic. S forms are (112) and
(110). Although the (Ok!) are theoretically expected to be S faces, they nevertheless exhibit for k < / K face characteristics. Only the
(Ok!) with k > 1, which are typical of the so-called tapering, are S faces.

1. Introduction parallelto respectivelymorethanone, only one,or
none of the PeriodicBond Chains(PBC’s). These

ADP (NH4H2PO4) is an important ferro-elec- PBC’s are uninterruptedperiodic chains formed
tric and electro-opticcompound,showingat first by strong bonds. Once the relation betweenthe
sight a rathersimplehabitof the prism {O1O} and crystal structureand morphology is known, the
the bipyramid (011) (fig. la). Sometimescrystals additionaleffects of otherfactorson the morphol-
of ADP show additional (OkI }, with k> 1, which ogy, such as impurities, acidity, supersaturation,
is known as tapering (fig. ib). The conditions etc.,canbe studiedin moredetail.
underwhich the taperingmay occur are not fully
understood[1]. It is thereforenecessaryto deduce Strongbonds
the influenceof the crystalstructureon the crystal
morphology and to determinethe surfaceconfig- ADP is tetragonal,spacegroup 142d, and its
urationof the interfacesat which the growth pro- crystal structuredataare listed in table 1. Strong
cesstakesplace.The mostappropriatemethod to bondsin the senseof the Hartman—Perdoktheory
study this relation is basedon the Hartman—Per- are bondsbetweennearestneighboursin the first
dok theory [2]. This theory has been succesfully coordinationsphere,which are formed during the
applied to a variety of compounds,such as sili- crystallization. As bond strengths are inversely
cates[3,4], halides [5], oxides[6] andoxalates[7], proportional to the correspondingbond lengths,
etc. other bonds than next neighbourones are not

According to the Hartman—Perdoktheorycrys- consideredas strongbonds.Their influenceon the
tal facescanbe classifiedasF, S or K faces, being growth characteristicsexpressedby the classifica-
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Table I

Crystal structure data of ADP (NH4H2PO4) according to
7 Aijaz and Baur [18]

Atomic coordinates

____ ~ (010)

____________ , ~ ~ ~ 0 0.0843 0.1466 0.1151
HN 0.998 0.089 0.563

________________________________________________ H0 0.25 0.150 0.125

Space group 142d, Z = 4; a~= 0.74997 nm, c0 = 0.75494 nm.

Phosphor atoms P(n) are numbered with n =1 4:

~ ~ re~nl~1rn~seredwith 0=1 4:

~ Hydrogen atoms H0(p) are numbered with p =1, ..., 8:
y, ~ ~ y,L~ y, ~, ~ ~, ~+y, ~ ~, ~-y, ~

2—y, 4~ ~‘ 2 3)’ ~

Atoms in general positions such as 0(q) and H~(q) are
numbered with q = 1, ..., 16:

~ ———--—— I —I
X~))~ z; X~))~ z; j’~X~ y. X~Z; ~ — X~ )‘~~— z, 2 + X~ )‘~ ~ Z,

—x, ~—y, z +); ~—y, x+~, ~—z; )+y, ~—x, ~—z;

3), y+~, ~—z; x, ~—y, ~—z; y, x+~, ~+z; ©~—x,

I, - ~+z.

(011) .

~4.~ . .~ contentmaybe to someextentpresentin the form

of respectivelyH3P04or [HPO4]
2 and [PO

4]
3.

Thesespecieshaveto be consideredas impurities,
andmay causehabit changes.

Each[H
2P04] ion is bondedto six neighbour-

ing ammoniaions by strongbonds.Two typesof
N—H~ ... 0 bonds can be distinguishedon the
basesof different bond lengths:type f bondswith

Fig. I. Crystals of ADP (NI14H~PO4).(a) Prismatic habit suth
prism (010) and bipyramid (011). (b) Tapered crystals with the relativelylargeN—HN . . . 0 distanceof 0.3170
sdditional (Ok!), with k >1. nm, and type g with the shorter N—HN 0

distanceof 0.2909 nm.
Eachphosphatetetrahedralgroup is bondedto

tion into F, S or K facescanbe neglected. four othersby the hydrogenatoms,H0, forming
In supersaturatedsolutionsof which the pH is the hydrogenbond 0—H0 0, called type e

about4, the ADP is almostcompletelydissociated (bond length 0.249nm). Thise type bondis not to
into [NH4]~ and [H2P04] ions [8]. Hence the be consideredas strongbond, becausethe hydro-
only strongbond which merits considerationis the gen type bond involved is too weak to overcome
N—HN .. 0 bond between the crystallization the ionic repulsion between the two negatively
units [NH4]~ and [H2P04]. The other bonds charged[H2P04] ions. Table 2 summarizesall
betweenconstituentatoms of the [H2PO4]~ and the f, g ande type bonds,in which the tetrahedral
[NH4]~ ions arenot formedduring crystallization, groups of phosphatesand ammonia are sym-
At lower or higher values of pH, the phosphate bolizedby respectivelyPO(...)andNH(...). Their
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Table 2 Only four completePBC’s are presentin ADP,
BondsofADP(NH4H2PO4) parallelto <100), [001],<~~)and ~

Strong bonds Type Strong bonds Type

P0(1) NH(1) f P0(3) NH(2) g
NH(1,00i) f NH(2.O1O) g 2. The PBC analysis
NH(2,00i) g NH(3) f
NH(2,iOi) g NH(3,001) f 2.1. The [100] PBC
NH(4) g NH(4) g
NH(4,OiO) g NH(4,100) g Not only the two mostprominentcrystalforms

P0(2) NH(1) g P0(4) NH(1) g of ADP, i.e. {010} and (011), but also the {Okl}

NH(1,100) g NH(1,010) g of the taperedcrystals are parallel to the [100]
NH(2) - f NH(3,001) g PBC. Thereare threedifferentPBC configurations
NH(2,001) f NH(3,IOI) all parallelto thea-axis,having a periodof 0.74997

NH(3,OiO) : NH(4,001) f nm. The main differenceamongthe threederives
from the type of bondingbetweenthe primitive

Bonds Type Bonds Type [100] PBC’s.

P0(1) P0(2) e P0(3) P0(2) e
P0(2,100) e P0(2,010) e 2 1 1 TypeA
P0(4,001) e P0(4) e ‘ In both primitive PBC’s forming the complete
P0(4,011) e P0(4,100) e ,

[

100]A PBCs the ammoniatonsare situatedhalf-
P0(2) P0(1) e P0(4) P0(1,001) e way betweentwo phosphateions to which theyare

P0(1,100) e P0(1,011) e
P0(3) e P0(3) e linked by g type strong bonds(see also fig. 2a).
P0(3,010) e P0(3,100) e The two primitive PBC’s are linked to eachother

by strong f type and weak e type bonds. For
__________________________________________________ further detailsseealso the schematicpresentation

Bond lengths (nm) in fig. 2a. In all the figures the type g bondsare

Type Anion-anion 0-H
0.. .0 or N-HN ...o indicatedby solid lines,the typef bondsby dashed

e 0.4198 0.2496 onesand the type e by dotted ones.An asterisk
0.3775 0.3170 meansthat the indicatedion is situatedon a slice

g 0.4198 0.2909 boundaryand sharedby two slices.

2.1.2. TypeB
Theprimitive [

100]B PBC’s are mutually linked
coordinatescoincidewith the coordinatesof the by only f type strongbonds(fig. 2b). They have
central ions, the same configuration as the primitive [iOO]A

PBC’s.
Pbc’s

2.1.3. TypeC
By transformingthe tetragonal I cell of the The[lO°]~ PBCconsistsof two primitive PBC’s

ADP crystal structureinto a P cell, as demon- having one ammonium ion situatedin between
stratedfor calciumoxalateby Stromand Heijnen two phosphategroups,just as in the caseof the
[7], it is quite easyto determineall possibleprimi- [100JAand the [iOO]B PBC’s. The primitive PBC’s
tive PBC’s,whichareuninterruptedperiodicchains are,however,mutually bondedby an e-typebond,
of strongbondsnot necessarilyfulfilling the con- insteadof the f-type bond, as is the casein the
ditions of stoichiometryandnonpolarity [4].Three [lOO]BPBC (comparefig. 2c with fig. 2b).
types of primitive PBC’s are possible resulting
from different combinationsof strong f and g 2.1.4. Sliceconfigurations
bonds:(1) g—g, (2) g—f—g—f and(3) f—f. Slice d

020. The slice thicknessof the crystal
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forms (010) is halved to d020 dueto the presence Sltce d011 The d01~configuration definedby
of the symmetry operators in the space group <~4)~)PBC’s is equivalent to that of the d~1
142d. Within the slice d020 it is possibleto define configurationas describedearlierin the sectionon
two [100] PBC’s, i.e. the [100]A and [IOO]BPBC. the [100] PBC (fig. 3b).
The surfaceconfigurationof thed020 slice doesnot Slice d=,,0. The <~~~) PBC configurationdoes
dependon which of the two types is selected(see not fit within the slice boundariesof d52() (fig. 3b).
fig. 2d). The (010) is an F face, as both typesare Hencethe {110} is a K facein this zone.
linked by strong bonds parallel to [001], e.g. Slice d112. The <)))) PBC can be defined
PO(1)—NH(4,001). within the slice of d112. It is, however,not linked

Slice d011. It is always possibleto traceany of to any other~ PBC(fig. 3b). The {112} is to
the threedifferent [100] PBC typeswithin the d011 be consideredasan S form.
slice boundaries,becauseeachsuch PBC type is Slice d,11. The <)~~) PBC is notpresentwithin
connectedto its neighboursby strongbondswithin the slice d211, thus making (211) a K form.
thoseboundaries.Therearetwo differentd01 slice
configurations,i.e. the ~ basedon either the 2.3. The [001] PBC
[100]APBC or the [Il00](. PBC, and thed~1based
on the [

100]B PBC (see also fig. 2d). Therefore, The[001] PBC canbe consideredas a combina-
regardlessof one’schoicefor the [100]PBC, (011) tion of two completePBC’s markedcs and/3 in fig.
is an F face. Energy calculationsmust show us 4a, having sharedone H

0 ion. This is the only
which slice configurationis energeticallythe most type PBC presentparallel to [001] and is built up
stable(seealso ref. [10]). of f—f bonds connectedto eachother by e-type

Slice d(~)4.For (001) the slice thickness is
reducedto d004, within which it is impossibleto (ill] ~

connect a [100] PBC to similar ones by strong A

bonds. Being parallel to two identical PBC’s, i.e. a
[100] and [010], the face (001) of ADP musthave i~ (3101)~ H~(701Q)~

K—face characteristics[11]. 4 flj )* Pail) SQ P0 ~2) H0 (8)~

Slice doki. The {Okl } forms with k > 1 are NH (2,001) a (2.010) . Ml (1.100)

genuineS faces,being parallelto eitherthe [

100]A pa (1.100)~ P0(2.100)

PBC or the [100]BPBC. As canbe seenin fig. 2d,
neithertype of [100] PBC canbe connectedto its
neighboursby strong bondswithin the d

031 slice [b0~~~ PIG

boundaries. Even though the (Ok!) forms with -

H (fl* H0 (1,001)*k <1 areparallelonly to the [100](. PBC, they are, --

nevertheless,K forms,becausethey are locatedon b Ho (2.1io(~: po ii) .P0 (2 001) 80 (2,0111*

the [100] zonebetweenthe K face(001) andthe F HO (3,i0i(~ .‘ I’ - H0 (7,0111*

forms (011) [11]. H0 (0,0111* 58 (2.001) NH (1.001) HO (8,0011*

P0 (1.100) P0 (2.101)

2.2. The [~-~] PBC

The halving of the periodparallel to (111) is a [ioo

1 PIG

result of the I cell symmetryof ADP. The ~

PBC has the shortest translation period of all -- *

PBC’s, i.e. 0.65093 nm (see also table 3). The c HO w. -- -- ~•~o
crystal forms (011), (112), (211) and (110) be— ~o(2,1101* 10 111 H~(4.011) P0 (4~011)• H

0 (5.1111*

long to the <~~~) zone.Thereis only one type of s~(3,1011* ~ (2.001) NH (3,010) H~(0.011(~

PBC parallel to ~ having the same structure
as the primitive <100) PBC’s (see fig. 3a). P0 (1.100) P0 (4,111)
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Table 3 Harker. Morphological importancedecreasesac-
PBC’s and crystal forms of ADP cording to decreasingcorrespondinginterplanar

PBC Periodp(nm) spacing dhk/ as follows: (011}, (010), (112),

0.65093 (121), (220), (013), (031), (004), (444), etc.
(100) 0.74997 With the exception of the relative position of
[001] 0.75494 (031} this sequencemore or less agreeswith the

1.25043 observationson crystals grown in laboratory cx-

{hk/) Type d551(nm) periments.
Hartman [12] described the theoretical mor-

011 F 0.5321
010 F 03750 phology of KDP (KH2PO4)which is isomorphous
112 5 0.3075 with ADP. Thestructureof KDP wascomparedto
121 K 0.3065 that of zircon (ZrSiO4) without paying special
110 S 0.2652 attention to the presenceof oxygenatoms. In this
013 K 0.2386
031 S 0.2373 simplified structure, the following PBC’s were
001 K 0.1887 found: [001],<100), ~ ~)and <110), resulting in
Ill K 0.1085 five F faces: (010), (011), (110), (112) and (001).

Later Hartmanfound [131that the [110] PBC had
no physical meaning,as a result of which (112)

bonds.It would not havebeennecessaryto discuss and (001) becameS faces.The presentanalysis
this PBC in detail if it had no effect on the clearly shows that the simplification led to erro-
characterof (110), thusfar classifiedas a K face neousresults.
in the <~-~4)zone. But, as will be seenbelow, the The absenceof a symmetry centrehas conse-
[001] PBC doeschangethe K status. quencesfor the surfaceconfiguration of certain

Slice d,,1,. Slicesof d220containeither[001],~or slices.A crystal face such as (112) containsnon-
[001]~ PBC’s. They determinethe S characterof polar PBC’s andhasno dipole momentperpendic-
(110) asnoneof thesePBC typescanbe mutually ular to its surface.There is, however,a very dis-
linked by other non-collinear PBC’s within the tinct differencein the outermostsurfacestructure
slice boundaries(fig. 4b). betweenthe top side, indicatedby U for the slice

Sliced00. Within the d020 slice boundarythe ~ d112 (fig. 3c) and the bottom, marked D. Such a
and /3 [0011PBC’s can be combined into one slice with a surfacestructurewhich is not the same
completePBC as shownin fig. 4a. Thepresenceof for bothsideswill be calledenantiofacial,because
strong bonds parallel to <Oil) confirm the F it is alwayspairedwith anotherface, which hasthe
characterof (100) in this zoneas well, reversesurfaceconfiguration.The faces(112) and

(112) form an enantiofacialpair. Thesefaceshave
2.4. The <~~4) PBC the sameslice energy as their contentsare identi-

cal. The diffusion length of adsorbedparticlesover
There is still anotherPBC which will not be the crystal surfacewill be different for the two

discussedin detail as it doesnot provide us with sides. Hencetheir growth ratesare equal, if they
any moreinformation about the characteristicsof dependonly on the attachmentenergy.Shouldthe
the crystal facesalreadyknown. The PBC parallel surfacediffusion be the ratedeterminingfactor the
to <p4) has the hydrogen bond sequence
f—g—f—g. [1/21/2 1/2] POt

3. Liscussion H0 (2.1101* H0 (2,0101*- ,:P0 (1) 50(1) P0(2). -

H0 (3,1011* H0 (7,0101*

The morphologicalimportanceof crystal forms 5H~ . 10 (8) NH (1.100)a
is often derived from the law of Donnay and P~(3) 10 (1.1/2 1/2 1/2) P0 (4.100) ~P0 (2.1/2 1/2 1/2)
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[001] PBC

a

H~ (2,110(0 .. ~o(2,010)~

H0 (3,101)* :P0 (11 H~(1(~~=P0 (2(~ H0 (7,010(*

14,0111* NH (1(~~~ .~NH(2) H~(81*

a PO(1,o011~ p0)2.001)

b
i—i 0 1 nm ~.,. d~ .~

°~i~C) ~ ~ ~

. . .~.

• ~ ~ °~O

a~-’- 3101 •

~ ~...• ‘N~ ~ ~

~ 4,011 ~

• ~ a~//~•

• c~~ç~D~ ~ c~:: ~ •

• • ~ ~—.• ~.

• ~ ~ \~~:~\~
Fig. 4. (a) Schematic presentation of the [001] PBC. (b) [001] proJection of the ADP crystal structure. The P atoms coincide with the N
ones in this projection!
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growth rates would be different. This has also cuss this effect in moredetail.
been demonstratedby Cadoretand Monier [14], The presentstudy shows that the (011) and
who appliedthe BCF theoryto enantiofacialfaces (010), which are themostprominentcrystal forms
of compounds with the sphalerite or wurtzite on crystalsgrown in laboratoryexperiments,are F
structure, faces.They grow slowly accordingto a two-dimen-

Generallyspeakingonly the (hkl}, with h = 0 sional layer mechanism.The surfacestructureof
V k = 0 V I = 0, in the ADP spacegroup 142d, are the slice d020 is occupied positive [NH4]~ and
not enantiofacial. negative[H2P04] ions. As discussedearlier the

Bennema [15] demonstratedthat spheresof d011 slicesare boundedby eitherpositiveor nega-
ADP placed in supersaturatedsolutionsat 40°C tive ions.The S forms are (Ok!), with k> I, {11O)
display parts of bandedregions,which consistof and (112). All other facesare K faces. An exam-
small well defined separatedflat areas,and are pie of sucha K faceis (001) being parallelto two
parallel to [1111between(110) and (011), [111] equivalent<010) PBC’s.
between(110) and (011), [111] between(110) and The presenceof the K face (001) situated be-
(Oil), and [111] between(110) and (011). This tweentwo F faces(011) inducesthe K character
limited numberof zonesdoes not correspondto to all faces{Okl) with k < I. Thesefacesarenever
the point groupsymmetryof ADP, from which the present,in contrastwith the S faces (Okl} with
presenceof eight differently orientedbandedre- k> I which are typical for taperedcrystals.
gionscouldbe expected.The explanationsby Dam Although the hydrogenc-typebondsshould in
et a]. [16] that such bandsare situatedbetweenF principle be neglected(see the sectionon strong
facesis incorrectsince (11O}, which was indicated bonds),for the sakeof completenesswe neverthe-
as the startingor endpoint of the bands,is not an less reformulatedthe PBC constructiontaking also
F but an S face. Neither is the assumptionthat thesebondsinto account.The result of this, in our
there exist PBC’s parallel to <4~)in order to opinion erroneoussupposition,was the appear-
explaina secondaryset of bandsjustified, evenif ance of one additional PBC parallel to <Oil),
hydrogenbondsare takeninto account.

Thepresenceof large(112) faceson thespheres
observedby Bennema[15]mustbedueto external 110)

factors,suchas impuritiesand surfacereconstruc-
tion. Being S facesthey do not have the character-
istics of a slowly growing crystal face. ,/‘ --

Hartman and Heijnen [17] postulated a new ,~‘

growth mechanismfor facesfor which it is possi- - H3]

ble to definemore thanonesurfacestructure.The (112),’ (121)

F form (011) of ADP is an exampleof such a
face, of which the elementarygrowth layeris either
boundedby positive[NH4] + or negative[H2P04] )00~~111.~P113)..~401~ ~ ~ (010)

ions. The layer with thickness4d011, which is the
difference between these two surfaces,has the

[011] [001

characteristicsof an F face, as thereexist strong /
g—g hydrogen bonds, e.g. P0(4)—NH(3, 001)— ~ (121)

P0(2, 001), between the [100] PBC’s such as iiin’~ [113]

PO(4)—NH(3, OO1)—PO(4, 100). In fact the slice • F face “., [1)1]

d011 can be divided in two F slices, a and ~8(see • S face

also fig. 2d). If their attachmentenergiesdo not 2.:.~.~ ::acter

differ too much, the growth of (011) proceedsvia ~JK character (110)

slices of thicknessd022 at increasedrate.Oncethe
attachmentenergiesare known [10], onemay dis- Fig. 5. Stereographic projection of ADP.
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causing(211) to becomeanS faceinsteadof a K for his hospitality and guidanceduring her first
one. steps of the PBC analysis of ADP. Further, she

The stereographicprojectionsummarizesall the acknowledgesthe financialsupport from the Con-
PBC’s present,and the classificationof the most sejo Superior de InvestigacionesCientificas and
prominentcrystalforms (fig. 5). the ComissiôInterdepertamentalde RecercaI In-

novació Tecnolôgicaof the Generalitatof Cata-
lunya, which enabled her to stay at the State

4. Conclusions University of Utrechtduring the summersof 1981
and1982.
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