METHOD AND DEVI CE FOR HYDROGEN STORAGE AND DELI VERY CROSS REFERENCE TO
RELATED APPLI CATI ON [ 0001] This application is a continuation of and cl ai ns
priority under 35 USC 120 from US Patent Application Serial No. 10/997, 368
filed on Novenber 23, 2004 and entitled "Method and Device for Hydrogen
Storage and Delivery" which in turn clains priority under 35 USC 119(e) and
120 of US Provisional Patent Application Serial No. 60/525,422 filed on
Novenber 2METEED aAND DEVICE FOREIYDROGENBRORA GO AN DFEIJMERY or age and
Del ivery", both of which are incorporated herein by reference. BACKGROUND
OF THE | NVENTI ON FI ELD OF THE | NVENTI ON [ 0002] The invention rel ates

general ly to hydrogRipsit ERENEE‘#?%%EI‘?TEWAPPLHCA‘?{IW for generating

energy and nore specifically to net produci ng hydrogen from
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and’ ascomert US FnlsHlcEPn Sen g U RERAEIRN oFRseATr & fB003) A

" hydr ogeRn@tnomthod SnBDSACERR MRAVoden SMbthsdardl BelBskANkhidh iPRiA tRMnST ener gy
generation occurs by use of hydrogen as a fuel. A hydrogen fuel based
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hydr ogen I—Eﬂﬁb 20X Wee Red MddDelivety”) béth oERelidyare mkpoaae@ha@mmwﬂefefenden an
efficient manner, emtting only water. Changing to a nore hydrogen fuel
based system hovvever regw res a transition fromthe worl dw de

pet rochem cal productl oB BQUNP@EWE&IQWWT{Q@ and a conversion to a
hydr ogen fuel based system FIELD OF THE INVENTION

[0002] The invention relates generally to hydrogen storage, production, and
utilization for generating energy and more specifically to methods of producing
hydrogen from re-usable hydrogen producing compounds and methods of regenerating
spent compounds to a form suitable for hydrogen production, as well as devices and

assemblies for producing hydrogen.

BACKGROUND INFORMATION

[0003] A “hydrogen economy” is a an economy in which a substantial portion of
energy generation occurs by use of hydrogen as a fuel. A hydrogen fuel based
economy is particularly attractive and desirable due to the promise of a plentiful and
environmentally clean energy source. Fuel cell technology, for example, continues to
advance and offers the potential to convert hydrogen and oxygen (e.g., air) to energy,
such as electricity, in an efficient manner, emitting only water. Changing to a more
hydrogen fuel based system, however, requires a transition from the worldwide
petrochemical production and delivery infrastructure and a conversion to a hydrogen

fuel based system.

[0004]  Sources for hydrogen storage and production are continuously being
discovered and technologies advanced, and the cost of producing hydrogen fuel is

continuously declining. Effective utilization of these technological advances and a



[ 0004] Sources for hydrogen storage and production are continuously being

di scovered and technol ogi es advanced, and the cost of producing hydrogen
fuel is continuously declining. Effective utilization of these

t echnol ogi cal advances and a transition to nore hydrogen fuel based
systens, however, is severely limted by the currently avail abl e sources of
hydr ogen storage and production. Current technol ogies are significantly

| acki ng, trhnditi@x@npbe hydidgen fieed dasddtsgstemns,iloiwener, mmév@'ekgzdtrhnal bymkans for
storage and deliv of hydr nto Iocatl ns mhere ydr oge consunptlon is
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up to 200 kilograms or 440 pounds, neking this type of hydrogen st or age
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generation on-board ogen powered vehi cl es. THE | NVENTI ON
liters or 2 U.S. gallons of gasohne would require a hydride store weighing up to 200

kilograms or 440 pounds, making this type of hydrogen storage impractical, for
example, for automobile applications (see, for example, Bossel et. al., April 2003

report: “The Future of the Hydrogen Economy: Bright or Bleak?”).

[0006] Unfortunately, devices and methods that are inexpensive, but efficient and
lightweight, and practical for use on-board hydrogen powered vehicles, have not yet
been discovered. Thus, a need exists for methods and devices for lightweight and
efficient storage of hydrogen, which are useful for on-demand hydrogen production for

energy generation on-board hydrogen powered vehicles.



100071The present invention is based, in part, on the discovery that
certain conpounds are useful for chemcally storing hydrogen and can be
utilized for producing hydrogen, upon demand, in quantities sufficient for
use in generating energy. The current invention further describes
regeneration of the spent conmpound to a hydrogen-rich formthat is suitable
for hydrogen production and re-use in hydrogen production according to the
descri bed net hods. [0008] SUMEVIARY QF TENINVENGIOMNN rel ates to a nmet hod of
generating energy using hydrogen produced by reacting a |iquid conpound

bl duci ng hyd d having_ the. f la R-XH _ with t al
tbot r at 00 by cs i biBin Ghkasod Bl of op Rigoovely sbisth gae to
gener at e cRBhEhs ald @il 951 dRMiMIYUR B NMRHRLA SnfcAl6d HeeRd féor exanple, a

nmoi ety selected froman al kyl, héteroal Kyl,” al kenyl, substituted al kenyl,
al kynyl , peadpringthetemgearupon dginkodin quantitiss budficienhior ssoimasheretingeneygar yl |

aryl al ky aryl al.kenyl , .aryl al kynyl , aryl ene,. oxyaryl ene group, and

conbi nat 1BREUTHEIRGROR L BrestBes seediet R JEbsty solbouB Rgn, “sel eni um
or hydr og@frogfetiah fHIhhT 8 kgisabid o APHR géOprodeatini 4vd réiubdintfi@rddequi d
conpound to produce hydrogen can incluﬁe, for exanple, gold, silver,
platinunPK@@@wﬁ?%xaﬁhm&ﬁwgﬁﬂ?¥ﬂb@1m@ﬂmd%s nmetals treated to renpve a
surface oxide coating. Metal substrates can include pure netal substrates
as well mi re : g t.al .coated with
net al s. W@%ﬁet ﬁ“ggi,ft%?}%%%%n }rﬁgﬁﬁo eslatrljr%i t?iazlﬁé}%&%lﬁfegﬁgr ?888%*82@“? generate
ener gy. Wbydiopemprodacedibytreactimgdrlaméhcqasoundtapabdd ofigrodiicng kyxhogdneandconsum ng

t he hydrogen gas.in a_c usti bl e engine, fuel cell, or any qther. hydrogen
consuri nggﬂegﬁw 9“?‘6‘66"9%%&1%&@8%&‘} YA BWdP%"rI_P%@?gqneﬂaé?taé‘g w5798 hods. of
storing andRrQEHGhoe SMEFR061RHOTHES Bkt 0 8RRb AchHEd SER B uddsNfoPNe

g a I ng hy

enbodi nent, "t he net hod” of stori nd produ drogen Is performed by
r eact i ngezarhplgla wostyngebecta frapablabkybtheparoalkydi algedy)chubgténtedatkehdyi ng a

f | -XH, with t bst hyd d RL-X
bound + 0 B beitTs Sk ac ek SRR TR ARHEHe SIS the or oup R1
i ncl udes aryﬁélker@lﬂ%@h&yrll% m}&%yox@qh@&ieeg%ﬁﬂ, QA 8BmBinkNéns thater oal kyl

eny

al kenyl, substituted a ,_al kynyl, aryl, heteroaryl, alkoxy,
cycl oal k¥prtheyeroes, ocgasl ineludesudiiragsyigen, selenaimkwir hydiogem| Meta bubstiptps al kynyl |

aryl ene, r . nd.. | nat,i f r. e, X can
i ncl ude %@f%ﬁerﬂ ge)%%%ﬁﬂg ’rtheglé(ﬁ“é(?]?%{gn# &%éittg&?%%‘ggb ?éia)rt0 %%n ‘éFaéi lbgﬁﬁé;%ror reacting
the |i queghngslapplddilve, plattuaccdppel; agbmeraly, iadolelide mdials tresadl e, gol d,

silver, platinum copper, and nercury, as well as netals treated to renove
a surf acEMRiEHSUERSE PHEC copting] Mgipstpsiraes @ranglyde riwe mstal substetss agubst r at es

as wel I @y trfﬂ%ﬁu?esogf n@&l@,l fafﬂé ﬁé’ﬁl@ta@ﬁll&%taﬁh Fﬁ%%&' colthi Wil hadist AfeNydrogen

gas can inclu for exanp consum-ng t rogen gas I n a device such
as a conbiegtoddfiehennelndesartilivnglthekydrogdn(it @) génesate bixegpr BsBrdtionfent i on

relates to . a nethod of .generating ener usin rogen produced b
Feact | ngt hydepges BRI AFSEREPU CPrUaLRe ﬂ@%rﬂgga@ﬁsp 0 havi ng the
fornul a Eisr?f%sﬁmetéﬁgﬁleﬂﬁ{eﬁ&emepﬁmh@r@r@eﬁ%ﬁﬁmﬁmgae%a gas; and utilizing

t he hydrogen gas t0 generate energy. The chem cal group denoted as R
includes, for exanple, a noiety selected froman al kyl, heteroalkyl,

al kenyl , [0008kt i The present kveption Sirthgnielatesoymethedst afistraing|and aradueing

cycl oal kyl , heterocyclic | kyl aryl, aryl al kyl | al.keny!l , aryl al kynyl ,
27 y1 ene. RisroRoUBE RS dsitrolush r Rl e oSt by R B reE 4 can

i ncl ude polificihg hodipgenis éjéffoﬁﬂé(ﬂ? reaetidded Bduis ebmbo@idspsble baptoduéiap reacting
with the |iquid conpound to produce hydrogen can include, faor exanple,

gol d, si hydpgensndihaxinga foopplaR 1-SHdwite peugtgl subgrajio pradugediydrogen gasat ed t o

renove a f [ [ ' e met al
substratggygg meﬁﬁéh?ﬁFE@%@f@?“ﬁ%?%?@#ﬁ§§§h5§§9ﬁgﬁgﬁg%?f%%gﬁgﬁﬂﬁb pol yner
coat ed wnkchidegtfad examplhe anmdibigdeleutet fion amsalkyld @stetdalkyl,zillemyl, kebstiyidedgen gas
to generate energy. Utilization of the h¥drogen gas. can include, for

exanpl e, ke Atk Ly, hsremosgerlinry. eyrledlipdnrigorlic. dkyene, arylal.cel |, or
any ot heg ivdn 99 aR1 AR P88 %Y SS lene group, and combinations thereof.
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[ 0011] The present invention is also based, in part, on the ability to
regenerate the hydrogen produci ng capacity of the spent conpounds used to
produce hydrogen (e.g., dimeric conpound). Thus, in one enbodi nent, the
met hod of storing and produci ng hydrogen further includes reacting the
spent conpound wi th hydrogen to produce a conmpound having a formul a

R1- X1-1, thereby regenerating the spent conpound to a form suitable for
hydr ogenFprthéiié, Mcdreingude sifenecyatn,ng seleniom. tVetabpbitrateosyitabledor a

 ydr ogenrtBaEEAGU ”?qa%ﬁ et BB DR A FETOREA N 1 the
met hods Qiflvetr,;tﬁ%ﬁrgl lengs wa% ﬁ?é?am&tedrt%ﬁ*&hbﬂga hhcepent
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conmpound cess o catal ytic hydrogenation. The
st eps of omdedumngg Mgt sm@sﬁmtémangecrledapurn qnetal enlsstmgies an o etl meixgirespoiof

regeneratin spent 0 occur at the sa at| on.or | ocations
of cl ose™st %SWP @;mi{ﬂ%ﬁ&gt ﬁgﬂ?émgtﬂp]eehmgﬁegggéﬁcm%”ﬁgf SheXdMilSand t he
spent Coe&%ﬁ@ng 8 B98fo3EA gﬁb BlaQRVERRUALEAW catbudiibleRhgiRk of AkAtDNS. For
exanpl e, the hydrogén production step can occur in or on-board an

aut onobi | e, whereas the spent conpound regeneration step can occur
of f - boar 00301 seFhratle Pressnt inventian ishtsit & mathed chgengratlnzé ENGELARPIS

e N T e T e Ao

home, bugivifs the foeblh RAYH, &fith 9 metahsubsege Etﬁpx@ﬁuwhy@l&fgealgag andatitiziag t he
bui I di ng, such as a | ocation within the buil di ng and_in_cl gse ;)#’OXI mty to

the | ocathediydiagenieas foraenpiate eicray- ofherRamisgharopp danrted ahR irgludesfopecur at a
| ocation r [ t hods of the
or ocent | FRUONIE SRR sk A Aok R et 2B Ton ot a
hydr ocar biégnytpargt, hetetoaaylhylitoog eyclpaligil) henegacydrq;)a]kmb;rylymtaﬂ(yh t he

dehydr ogen on. oc pon reacting the cogﬁqo/ a]%_%a substrate.
Thus, i n2AkHt a@ﬁ%‘%&? Hylege: PiyarfeneLEnip. ARd eom 18?1“"% PHod of storing
and prodygiggmayd w&ﬁnn&aae M 8] &;@&9%@&1&&%@ NAE@Ysubstrited fpkpRdobdY
reacting a |iquid compound capabl € of produci ng hydrogen and having a
formul a rffactmg Wih th liquidicompaindgalpsiduae bydrongﬂdun@udwcﬂ@rogempbagolénd a
spent co un A spent c ound can i ganpoun nd

avi g aSRgrit e Sapber e e o we e PRl B Hh G BB R T Ra=x

wherein B%adb SosiRBY dagenditedes @hahdli@ hide Rletal Ofibstrated rabwantmlmréshﬁr eof .
According to this enbodi mrent of the present invention, each of Rl, R2, and

EB i's aI mstads, yushmsapetalgdions @%@p@m cwat@ﬂrﬁvtth@le@%u“ﬁh%me@ﬁd Sper | |
oy E¥ludsEfENE heiaRldeh UhER ubnerd. fouyipbYtne nIFLEROBLY !

aryl al kyegn mclaﬂy,lfeﬂe;anqxcy,abuémﬁg @’feﬂh}{dro@ﬁ@as:mrd)d:d‘iﬁﬁusﬁbke ehgme,efu'él
Furthernore, and X is selected fromthe group consisting of sulfur, oxygen,
sel eni un?f'dhé?rﬁ%ﬂ?@@@ﬁ’dﬁgﬁm%m‘%@n&%%e metal substrates suitable for the
nmet hods of the invention include, for exanple, gold, silver, platinum
copper, 1]TBr GHE Yres@R il¥RhtiofS aﬁ%t@éséd tif pat, R tﬁé)a}slﬁmwegenémé @ee oxi de
coating and can include, for exanple, pure metal substrates as wel
m xt ur eshyﬁrog@tmbdummjcﬁpaalsy oftha kpet Iccnylpour{deﬁl&e}i] tﬁhﬁ@Oducquhwdlrog@m{ngmd capabl e
of produ dr oge cor.di ng t he t hod the inventi.on i s suitable
for re- ug egﬁ r‘l’%fnrl?ﬁﬁ ‘@p Sdﬁﬁﬁgﬁ'ﬁg é‘?"@gg% 8&83 ob¥PHES F‘é‘ﬁ%fr?g}’%?%d to a
form sui hﬁﬁbgenf ﬁﬂhEMﬁéI%@}e%tﬂféttﬁé Spt codpcimd Rvith IRIr6&ente Brodut®h hods
further include reacting the spent conpound with hydrogen to produce a
conpoundcémpdung havingrarformulRR 1261, thaeby b@gerl@r@@mﬂl&tspﬁg compewid i9e? spent
conmpound,_t he 0 abl rodu0|n T 0

. )‘é)rw&}tg & or;l],}% 8 (]ﬁlgt) ?Ihg regen l%e’[ﬂé é}l? cc?r% (Rﬁld £

producin ounda“can o cur; “for

exanpl e, cah d@@&hpﬂﬂ@ofﬁﬁro@ﬁ@ﬁghj&{r@géﬂﬁ Mﬁné@s @et;hom bﬂ'ﬂe@eﬁdﬁ’@m@&i}iﬁr(@eﬂl ce) or
at different |ocations.
producing compound from the spent compound are useful in the methods of the

invention, including, for example, reacting the spent compound with hydrogen via the

process of catalytic hydrogenation. The steps of producing hydrogen for generating
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[ 0014] According to the nethods of the present invention, hydrogen can al so
be produced by dehydrogenati on of a hydrocarbon noiety of a hydrogen
produci ng conpound, wherein the dehydrogenation occurs upon reacting the
compound with a nmetal substrate. Thus, in another enbodi ment of the present
invention, a nmethod of storing and produci ng hydrogen for use in generating
energy is perfornmed by reacting a |iquid conpound capabl e of producing

hydr ogen eaa@yhnad ithegstep dfareganemting tlir&bebﬂl-tonmmlhd aanretcat atsthbsimaioeation pr oduce

hydrogen s and ent co t npound .can include, for
exanpl e, H%iﬂaf& $i&provims £ Qe85 RS B ePiRdRE art ?Peﬂgi&h%genat ed
relative gn Romp Bk tegil thinrgtéﬁ%mcgﬁwfmaﬁ%c%qoﬁselF%'exanfgl% file; or a

conbi nat i ing to this enbodi nent of ent invention,
each of Riydrdgen panddctiRt: step eannmcmtl;a wnd@emwgtn@uleewhe@ai thersperiie gr oup of

an al kyl, heteropal k ken substjtuted al k | k aryl,

ot or oar SPIBHRs St ich i oREaF bR scbatta b B SYEOPIRIY

aryl al kenydrudiag YbAAaNe, folddwing Reno Rk Mﬁﬂﬁé'sﬁ&ﬁ cBmPind AHK HORRABHIONS

t her eof . Furthernnre X'is selected fromthe group consisting of sulfur,

oxygen, aRbers @leelmdmgenﬁrcrdmapn pecushiestatiaeml unitu bichras ndwildingt(assl.e for t he

Coppor . aisarengruli¥s sl PE € oseluBETER oo 007 ue B Y0 BTG g

coating anecation withih ﬂﬂ%ullﬂﬁ"g 28 aFlbse priokingity®ithe Iocebtist WahiRsh@buildhd
m xtures of netals, such as netal alloys. [0015] The device can additionally

i ncl ude &hhEdeeyyPOdustion, erraceudr adocien dfeaent fantthe brldm&onpound from
the netal substrate to produce a spent conpound. A spent conpound can

i ncl ude, éﬁ(&b}(ex hx%zin OQﬁ%%{h%dQQP@)Q#P&enﬁw&naﬁ @&%@%ﬁﬂ%s@%\é' ng a

formul a ergy source can I nclude a heat source
or a W Iprcgimedsbjuddg/dn{gaﬁétﬁjmcrf aa‘tydrduarboammdiyrmfmthydfo$h@rqﬂuemgnt i nventi on,

a device for ci ng . hyd en far eneratln ener i ncludes_a storage
gt S i e TR A b T T i S

hydr ogen nais shediaRg BhusOnMbieRbmBbdimafchahdBleddnt Mﬁﬁ&@ta%@eﬂé’cpéﬁd to react
with the liquid conpound to produce hydrogen gas and a spent conmpound. A

spent cosponsdnd aroduniol iydrogkn forageaimpgenecrating @mgrgm rrﬁdpehﬁwmng by réagtingha R2- XH,

wh [ d h Rl ;

Genydr oo SRBieRATE] PR RrdiRlar Betsin At PEVIOE RIS BREREL iR o
and R3 i nghétslesbarat®iogirydicedepRBee Bid éhdseﬁ‘sip%ﬁ{[ @ﬁ’nﬂdﬁﬁﬁn h? &ufpoahd an al kyl ,
het er oal kyl, al kenyl, substituted aI kenyl , al kﬁ é i het er oar yl ,

al koxy, €yinshideyfor em@e,@c%mm@nd LAV arfgmnula Wlnerelar%zum kenyl ,

aryl al ky ar

Stk o R e R e S
sel eni umcombihatiyrtlthegef. At&RdingMetiad embbditneat eths pickablivehtion, tach ofh a device

of the invention_include, fqr exanple oI d, silver Iat num copper,
mer cury, Rarie 4B¢ B & & paishepd ?Rﬁnfi@%&ﬁsle&%dmraé@wmg dylng. Met al

substr at ﬁéteﬁ%[ks}{lj E‘?% gﬁ sElB!sﬁ%;tE(f&lﬁE A Héceﬁéﬁxb)l e?l?ox%&féfl odfkyft Ur es or

al  oys. Metal tes can further 1n e vari o met al s,

i ncl udi nhetesryplor, alkylangs Mykalkﬁmylaﬂenyﬂamﬁxﬂkm agyibnh okylarg}we erdupdi nent ,
the COMPoLY goﬁgirrllatllor}l%lt}lljggdf fF%;'tth‘)lgl’? n‘g d X1 sefegf%ﬁ%tom e grou gol’rllrslgtmg of
sulfur, oxygen, selenium and hydrogen. Similar to above, metal substrates suitable for
the methods of the invention include, for example, gold, silver, platinum, copper, and
mercury, as well as metals treated to remove a surface oxide coating and can include,

for example, pure metal substrates as well mixtures of metals, such as metal alloys.

[0013]  The liquid compound capable of producing hydrogen according to the
methods of the invention is suitable for re-use, in that spent compound is capable of

being regenerated to a form suitable for hydrogen production. As such, the current
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1001811 n anot her enbodi nent of the present invention, a device for
produci ng hydrogen for generating energy includes a storage reservoir
adapted to contain a |liquid conpound capabl e of produci ng hydrogen and
having a fornula RI-XH, and a netal substrate adapted to react with the
| i qui d conpound to produce hydrogen gas and a spent conmpound. A spent
conpound can include, for exanple, a conpound having a fornula R2-XH

wher ei n Rthels dedtyad irodeteat ading ehadpeutcdnopdring vREdrogearteprodi8e a s
dehydrogenated relativeg to ' ,Qr ~a conbination thereof Each of R, R2, and
RS ncl LGBEPATHUIRTE § FBBluek ey ey deR o e O GET BHPHAa kyl

het er oal gy oonﬁJo'ﬁﬁ&‘Xépab&l&%bddéirfg%}glké@%?hf%{ew gﬁmd&lﬁb{é hydiet&r gyl

al koxy, cycl oal kyl, "heterocyclic, yl, arylal kyl, arylal kenyl ,

aryl al kymsgdeperating thespems egapylmheangrcoun foramxdmpbaybi loaations of ¢lhes eof
Furthermore, X is selected fromth roup. consi sti ng of sul fur, oxygen, and
sel eni umPrONIBNY (e "HREER e GRYE 6R of SHEFRRY KBFSPes to met hods. of
regenerati ng hydrogen produci ng conpound froma spent conpound. Such a

net hod i p@d14yies Aces@ing tdghemeBENST 46 FRAEMAnTdneith shydeddet @ai 8o BEoduci ng
hydrogen for generating energy, and reacting the spent conpound wth

hydr ogen prasugedleidahydragsngsiontd alwdrasgrbantreeigiy of afystrgger REQd8BEr egener at i ng

hyd ' t
hent; osonfl, RcRATREI bRt Bitals SRR ACARHIE G0 en
I n one epletlisostiate. afhudsia@nblhyr @hbddimentrofehé present iblentd®s aandthédsr uni t f or

generating hydrogen and _a_second unjt for utilizing h dro% n to generate
ener gy, WRERBRRI Produeiag Sudrogen forjuge W@&ﬂé@ﬂ%&éﬂp@ﬂ%ﬁ'aﬁ géﬁearc%%m he

first unif: i it el I : i ) @ contain
Tt anid Bkl @bapdftelofpRihbiienroboRs 38 Ralifg € ithla SERPAEE wifh 00! 81
wher ei n Rnical aubstiaet tp psedwee hedrofemgat dnd agpenicongrendt Arspeatfcoarpoahdky| |
het er oal kyl , | kenyl, suybstituted,al kenyl., alkyn ryl., heteroaryl,
o kory ™! Sting R PY etqstl eapbrhopnd Bryse Al KL e KO o]
aryl al kyaé’l{ydr@%eﬁﬁt‘%@?elat?@%%@wlﬁgl%(,%%#&n @ﬁg@@g@g@g&&@%ﬁd@%wwr@nd Xis

sel ected fromthe group consisting su : ygen, and sel enium The
first uncembipetioretheien€| ddemdiagitethas embidtiment ef thelpssend inventiemsachwt h t he

liquid c und. to. produce. an R-X conpo bound to the net.al substrate and
hydr ogen™ §as> a%}t§3 %Seac%ﬂlﬁ%dﬁlla?p e@%ﬁltlfynscrgfeﬁ geg,dﬁ?% ee%?ﬁ‘ﬁ%?g?n agﬁﬂydr ogen

consum ngetdRMikGE alleugh sasstitntey dkagelie@yblsyl Bée®agilngkoaxy, sydemkylcel | . In
one enbodi nent, an assenbly of the present |nvention can be contai ned

wi t hi n ahetgigcyehisppikalarylogylakad, axlatkenyly arylalkyylaiviens, osyarykene ¥t i onal |y
i ncl ude Ho)2 k i@t - . nmet al
subst 1 at B4 SHSSEHASHACCIRARUEAS LHOARRRE! R B Sodb LORIRRG D\ g &
formul a RilKe)oxRgen, Had seleriugy Satilac & abane) methldstrites suiteblefbrethea heat source
or a W Iigpt s?%rce. . . .
methods of the invention include, for example, gold, silver, platinum, copper, and
mercury, as well as metals treated to remove a surface oxide coating and can include,

for example, pure metal substrates as well mixtures of metals, such as metal alloys.

[0015]  The device can additionally include an energy source capable of
disassociating the R-X compound from the metal substrate to produce a spent
compound. A spent compound can include, for example, a dimeric compound, such as
a compound having a formula R-X-X-R. The energy source can include, for example,

a heat source or a UV light source.

[0016] In another embodiment of the present invention, a device for producing

hydrogen for generating energy includes a storage reservoir adapted to contain a liquid

6



[ 0022] I n anot her enbodi nent of the invention, an assenbly includes a first
unit for generating hydrogen and a second unit for utilizing hydrogen to
generate energy, wherein the second unit is adapted to accept hydrogen from
the first unit. The first unit includes a storage reservoir adapted to
contain a liquid conmpound capabl e of produci ng hydrogen and having a
formula R1-XH, and a netal substrate adapted to react with the liquid
conpound comppumichapgblb yfiprodecing Agdrapeh andsipeinig « forolarRl-XH; apeéametaddnpound can

i ncl ude, for ex I a conpound. having a fornul.a R2-XH, wherein R2 is
dehydr og&¥Ps{raie ﬁgftaﬂwaftav theghaiid #FPP%@dP%eF%Véﬁ%ﬁn&géﬁa &d relative
to RI; Og%cqllt §&r§g?]rﬁatA ent BEAhERIndER hfdeRor ¢ ?@pgccﬁﬁpédﬂalﬂmﬁnﬁ a2 Mol ety

i ndependent ected Tfromthe group of an alky het er oal kyl , "al kenyl ,
subst i t ufethudd ReXH, whatday Ry lis deduygitogetesedretrivg it Ral ket wheyaih Baliky| |

het erocycgl,c, al kylaryl, arylal kyl,. .aryl al kenyl rylal kynyl, . aryl ene,
oxyaryl eﬁ%hyé’r"fﬁf ?t?égﬁ?];{tb‘}c?ﬁﬁi}%a?li %%‘é’“‘i’lﬁﬁ%é‘oa*erﬁﬁgtlfﬂf%r%héz fé%(amRéel ected from
the groupchfaes b eidigtg itfepSitlehtly selOX¥d BOm HE LRfHpWHanaNG1, MettroOgRy; The second
unit can include, for exanip a hydrogen conSum ng device, such as a

| €]
hydr ogenalkenyusitbstomtedradiiansl, etkyayk awoil, hetdrparyl, otkegy Mychoalkyl detereayelic,sui t abl e

for use i n ,ass Ly of .the I nyvention i.nclude or exanple, gold, silver,
ol at | nunt i BEeR BN o ke, AR AR e o8 SRR 1 ce ot de
coati ng. cobiahtisisbérect GRirG@fndroCdndde iguélctadetdh sty adBsktiag onel | as
metal alloys. Reactive netal substrates can further include various forns

of net al sulfurneyiganriglenwd 3o dydrogdrtal s, such as nanoporous gold. In one
enbodi ment, the hydrogen produci ng conpound can include, for exanple, an

or ganot hid?ﬂ17fO”WQ@Pbs[tQPe%‘éHt%l?ﬂﬂtuQ@{n £HBRY SEAL iRbnfiifinl Iﬁg@,%} on, - an

assenbly i nctudes a tirst unit for generating hydrogen an second unit
for util exannge lgolid, sdesr, platigjnecopper, arvenuyy,, andinestas tresthé towomved aunit i s

adapted to_accept hydrogen fromthe first unit. The first unit includes a
ator age PEEEF 9ol catis S bR FrnF e P T RSHEII B pr oduc ng
hydr ogenapd rhaniddGrandpy bl fbstdies @nduahdahabds Rk 3 enastamdiad to react
with the liquid conmpound to produce hydrogen gas and a spent conpound. A

spent comsbuimg wanpemus metals, facth asxmanppaoussgaddnpoenekeniodimentathtor nul a R2- XH,
wherein R2 is eh¥dr?18Fn t ed reﬂ ative 1:193 RL' R3=X,, wherein R3 is

dehydr ogSHEP SR W {9 SFFmPls o egRBPIRhEIBRO M er eof . Each of R, R,
and R3 includes a noiety independently selected fromthe group of an al kyl,

het er oal fool8] al kemother snibslintent 66tha k&t inveltiony Hevies ik prddatiapoar yl ,
al koxy, cycloal kyl, heterocyclic, alkylaryl, arylalkyl, arylalkenyl,
aryl al kyhydrogeay i9F generating eneigydpeludgsigiorageeseyasiadanttd ipscankrip adauid

Furt her Bl &h AUR: ﬁlgrhsli i o% HS xygen, and
sel eni uﬁ?&ﬁ%% gecc%%gé gﬁér?g%éngﬁ%%e e, f or xar(r)p {elf,aq%l yd?%({ggﬁregagnsum ng
devi ce, sibstrataadaptér/ crroge iwittothb ligtidaonmognd & modacefhydiogealgas andBRI EF
DESCRI PTI ON OF THE . DRAW NGS . :

spent compound. A spent compound can include, for example, a compound having a

formula R,-XH, wherein R, is dehydrogenated relative to R;; R3=X, wherein Rj is

dehydrogenated relative to R;; or a combination thereof. Each of R, Ry, and R;

includes a moiety independently selected from the group of an alkyl, heteroalkyl,

alkenyl, substituted alkenyl, alkynyl, aryl, heteroaryl, alkoxy, cycloalkyl, heterocyclic,

alkylaryl, arylalkyl, arylalkenyl, arylalkynyl, arylene, oxyarylene group, and

combinations thereof. Furthermore, X is selected from the group consisting of sulfur,

oxygen, and selenium.

[0019] The present invention further relates to methods of regenerating hydrogen

producing compound from a spent compound. Such a method includes receiving a



[ 0025] Figure 1 shows a flowchart diagram of hydrogen production and
regenerati on of hydrogen produci ng conpound from spent conpound accordi ng

to an enbodi nent of the present invention. [0026]Figure 2 illustrates a
hydr ogen production and regeneration systemutilizing a device according to
an enbodi ment of the invention. [0027]Figure 3 illustrates system and

devi ce according to an enbodi nent of the invention. 100281Fi gure 4

i|lust ratpmt ﬁ)(ﬁpiminéfroﬁﬁ adeﬁp@fumﬂxsocﬁmiﬂgaMdﬁ)g‘emfomemdngmﬁrgg and t he present
i nventi on. £9] Fi gure 5 furt h i1 lustrates exenpl a(h\l/ ng)?und sui tabl e
for use Q@@B} AgPE C‘PIH%‘) ﬁ}"irﬁ%%hﬁoiﬂs luce a compound having a formuia

R-XH, thereby regenerating hydrogen producing compound from a spent compound.

[0020] The present invention also relates to assemblies for producing and utilizing
hydrogen. In one embodiment, an assembly of the invention includes a first unit for
generating hydrogen and a second unit for utilizing hydrogen to generate energy,
wherein the second unit is adapted to accept hydrogen from the first unit. The first unit
includes a storage reservoir adapted to contain a liquid compound capable of producing
hydrogen and having a formula R-XH, wherein R is a moiety selected from the group
consisting of an alkyl, heteroalkyl, alkenyl, substituted alkenyl, alkynyl, aryl,
heteroaryl, alkoxy, cycloalkyl, heterocyclic, alkylaryl, arylalkyl, arylalkenyl,
arylalkynyl, arylene, oxyarylene group, and combinations thereof; and X is selected
from the group consisting of sulfur, oxygen, and selenium. The first unit further
includes a metal substrate adapted to react with the liquid compound to produce an R-X
compound bound to the metal substrate and hydrogen gas. The second unit can
include, for example, a hydrogen consuming device, such as a hydrogen combustion
engine or a fuel cell. In one embodiment, an assembly of the present invention can be

contained within an automobile.

[0021]  An assembly of the invention can additionally include an energy source
capable of disassociating R-X from the metal substrate to produce a spent compound
(e.g., a dimeric compound having a formula R-X-X-R). The energy source can include,

for example, a heat source or a UV light source.

[0022] In another embodiment of the invention, an assembly includes a first unit for
generating hydrogen and a second unit for utilizing hydrogen to generate energy,
wherein the second unit is adapted to accept hydrogen from the first unit. The first unit
includes a storage reservoir adapted to contain a liquid compound capable of producing
hydrogen and having a formula R;-XH; and a metal substrate adapted to react with the
liquid compound to produce hydrogen gas and a spent compound. A spent compound
can include, for example, a compound having a formula R,-XH, wherein R, is

dehydrogenated relative to R;; R3=X, wherein Rj is dehydrogenated relative to R;; or a



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0030] The present invention derives
fromthe discovery that certain hydrogen produci ng conpounds are useful for
chem cally storing hydrogen and for produci ng hydrogen, upon denand, for

t he purposes of generating energy. Hydrogen produci ng conpounds, according
to the invention, can be reacted with nmetal substrates to produce hydrogen
gas. The conpound can be in liquid formand can be used and distri buted,
for exanpbmbinaticotidied EschcelRieRb,isndd; indlades aqhoiatytindepehdentiyselectede and
distribution (e.qg., filling statjans, fuel delive{y tru i pelines,

etc.). ThHOMsHesrowRissaikyl.dsterealkylepkendswbsitaicd afksgun lé({;ﬂd Yby

hydr ogengtd f ot r QrAguBs icapabl e of
produci nggﬂﬁ%%’gael%@hgycgﬂ%nfggﬁ%gfchfchg%(ﬁlgﬁq’ﬁglal ﬁ/ﬁh%r ogﬂy;n’ producti on

accor di ngryladkyihd, grylese nkyarglean graup, antheosmbindtmne theret Furth@morgX fsur t her
descri bes regenerating a hydrpgen-rj.ch form suitable for, hydrggen

product i 8ﬂec(tg$ om the P&@éﬁ“b‘%dgﬁﬁ% OEYﬁ?ﬁoi?ﬁnjed*jm’F"r%hyﬂg’%Beﬁﬁecorrppund,
and re- &Rl uhiak SRIRAB BF BhneAERANL JA DHHEEReREQHEE A0 according to
t he described nmethods. [0031]Referring to Figure 1, a flowhart diagram 10
of hydr obgdrogernchisiiston emgine egrefvet etli. on of hydr ogen produci ng conpound from
spent conpound, according to an enbodi nent of the present invention, is
shown. en,producti on for,.energy.generati.on hegin : iding a

nyar ogen Pafac ARG A SRt BR s ibiE RE RS P Ot S DL RIS BB oo

t he i nveekimplenasd aill @l pltidudy odppeniRk@irR dnd nidlal rg@d & fRiety and X

i ncl udes sul fur, oxygen, selenium or hydrogen. The conpound i s reacted
with a neefacesuiisqoating. tMeigh sibseeiehgany isglade pars maalspbyirateos asiwellkasdi tion to
producin e j , it t strate
further %’reg%g@g%' g})%%?vec%grrtgg%dggg %%%?agfﬂ@%qggﬁ%\éo%%fhgg%% cfycr)m ef?ﬁg’ met al
subst r at énclubigz landpogenmgads, sach d3maaopdrend gdd. 15 ofecmiexdanpitetheand used f or
generating energy .in step 18. Follow ng reactjon of the hydrogen producing
conpound h¥#PaeR Hednurg rorapmwd cap @q?lm%g%ﬁxarapleawfg%@a%rﬁmgmﬁ to the
nmetal substrate can be disassociated fromthe netal substrate in step 20.
D sassocighupn & addier o RGP B the RRHRH A, AntaBRBRY Mchikb d tHréttuditi fBr St ep 20
can be acconplished by an input of energy froman energy source 22. A

di sassoc getteeatingdedtogen apd anerofid ugit forutdizmeg hysregsmio gereratagnergya f ol i nul a

R-XX-R) i roduced from.the i|nput of ener 2 and-.dj sassoci atjon, of the

bound R- Y%S%%%RSCW&H%%%‘F%@P ag(fﬁ?gﬁ%? g‘%i fﬁorgt epﬁrft)l.lmgpe ht ﬁ%%)ﬁmn@l})und can
be col | egicffies b @forag®radtplois a@PQd&@g@rﬁ@iﬁﬁIlﬁﬁlid €orfipountydpAgesppredicia® a form
suitable for the production of hydrogen gas. Regeneration of spent conpound

to a forhydagemmidhaving Hfpanvlgdh-PHoarka metl pubshaiesaprted ogagywitledet i ng t he

spent co i ayli a RXHin
sFep 24, TR Gpyobdy DIOARER bR BELER ArRRAIAE K Binhobfiolia ™
conpoundcartndindgeor eamile, lal vatolind havdge adsratul nB,-KiE whetkin@eris pr oduci ng
conpound fromthe spent conpound can he obtained by a nmeans _of hydrogen
gener at i 8¢hydregengigd rativede RaxBempts %%@H\Béﬁ? ‘(';W%O%erétﬁ‘géatﬁ‘fe 3 Roy rf{ i on.

[ 0032] Accgr g Qﬁ&yehefehg 1% K, Rﬂ‘é‘ﬁgr{iﬂﬁblﬁ@és%trﬁéetty%cgéi)@ﬁdi&ttf Agleiaar oY

t hrough utilization o rogen produced according to the déscrib
met hods. fibm thagreeptddi atkyt, heteroadt ylpakefyl gehsitated ntkenylealfynylsarybr f or med by

CompoundhAEPRy S Riateret eagroqyatr. SLBRE 2ol ARIER br oauce: hydr ogen

gas and vy iR oﬁ?é}gféhe Eﬂmﬁ; 2 CQMAAIINY HeRD LT PuithaniBes K issubstrat e.
The hydrogen ‘gas produced by the descri bed nethods can further be utilized

t o gener stlectehtromythé grolpdomgstinged selleampkygenpandiseieniumat Tohsdcandupiydr ogen

consum ngandi%\éfuﬁg’f01$ gxcarﬁqp?es, aahy%?oqgtéﬁ chrllstljlln%ng ngllige? SI(J)Crh aas a]c ﬁjy%lro é:e?ll E

combustion engine or a fuel cell.




10033] Referring to Figure 1, a flowhart diagram 10 of hydrogen production
and regeneration of hydrogen produci ng conpound from spent conpound,
according to an enbodi nent of the present invention, is shown. Hydrogen
production for energy generation begins by providing a hydrogen producing
conpound in step 12. A hydrogen produci ng conmpound of the invention has a
formula R XH, where Ris an organic noiety and X includes sul fur, oxygen,
or sel enium The conpBRIEFDESCRIFEIONOIN THEBRAWINIGS rate to produce
hydrogen gas in step 14. In addition to produci ng hydrogen gas, reacting

the conp wth the netal .subhstrate further produces spent conpound
and/ or Rﬁ&ﬂgbnpgﬁﬁﬂe &haves ¢ oy ?@?ngﬂﬁgﬁpﬁggP“%ﬁ@nﬂbgﬁbgen gas can be
col I ect egsolBerafit oS RINGY R prafididgS@chdofhd 48RERAI QinfRed A¥cording ke 18.

Fol | owi ngeg%eggtli o(r)l of t epﬁydr%)gen rgrooduci ng p%orrpoupn%]glh Wi tch tﬁ% nmet al

subst r at embndisteapoflthe peasgntaoveptiond bound to the netal substrate can be
di sassociated fromthe netal substrate in step 20. Di sassociation of the

- bound At h I b ] . lished b
an’ i npur tiRoL poFins £t TER B g UeRbbAbtiss bl SR bERr En AR compound

(e.0., aadel®E hecotdiP i diteriisodimenta ity imib@tidr: X- X-R) is produced fromthe

i nput of energy 22 and di sassoci ation of the bound R-X conpound fromthe
nmetal substrate in steP 20. Spent conpound can be coll ected, faor exanple,
and r ege¥2d1 ed Fiare3 llusiraies systaar apd devdceaceerdingte angmhediaent oftepr oduct i on
of hydrogen gas. Regeneration of spent conpound to a formsuitable for

hydr ogen production is acconplished by reacting the spent conpound with
hydrogen to produce a conpound having a formula R XH in step 24, thereby

r egener a(0028] hy Hignge ilhstreties exegnp engloentpoindnsustpbletfocusepocnrding ity theogen 26
utilized for tqgfnerating t he hydrogen produci ng conpound fromthe spent
compound PESFIERYEHPYi ned by any means of hydrogen generation, including,
for exanple, conventional nethods of production. [0034] Conpounds, such as
or ganot hjgy29f oMphiRels furfiee ilMairhtek BEMID1AHY dobifpodnids RiitalSANr dseacddiéing ability
to spontaneously react with certain netallic substrates, formng a an

or ganot hiwthgpeesefripwmignbound to the netal surface. SAMs are generally
depicted as an assenbly of organi zed, closely packed nol ecul es.

Sel f - assenbl ed nonol ayers forned, for exanple, by the chem sorption of
organic nol ecules on netallic surfaces (e.g., gold) are well characterized
synthetic organi c nonol ayers. See, U man, An Introductin to Utrathin
Organic Filnms: From Langmuir-Bl odgett to Sel f-Assenbly, Academ c Press, San
D ego, 1991; Dubois el al., Annu. Rev. Phys. Chem, 43: 437 (1992). These
nonol ayers form spontaneously upon contacting an organot hi ol conpound wth
a netal substrate as a result of chem sorption of sulfur on the textured
surface of the nmetal substrates. The nol ecul es self-organize into a
commensurate |attice on the surface of the netal substrate. See, Porter, J.
Am Chem Soc., 109: 3559 (1987), Camillone IIl, et al., Chem Phys., 98:
3503 (1993); Fenter et al., Science, 266: 1216 (1994); 20; Chidsey et al.,
Langnuir, 6: 682 (1990); Sun etal., Thin Solid Filns, 242: 106 (1994).

Besi des form ng a nonol ayer on the netal surface, the above reference
reactions produce significant anobunts of hydrogen gas as a by-product.

[ 0035] As used herein, the term "hydrogen produci ng conpound” refers to a
conmpound having the fornula R-XH and capabl e of produci ng hydrogen gas upon
reacting with a netal substrate. In one enbodinment, X represents a reactive
noi ety capable of, upon contact with a reactive netal substrate, releasing
hydr ogen and binding to the netal substrate. Sulfur is a reactive noiety

wi th well-known reactive properties when contacted with reactive netal
substrates (see above). In addition to thiol conpounds (e.g., conmpounds
containing sulfur as a reactive noiety), conpounds having oxygen and

sel enium are al so useful since oxygen, selenium and sulfur are in the sane
famly in the periodic table and have simlar reactive properties. As such,
a reactive noiety present in a hydrogen produci ng conpound and suitable for
use in the current invention include, for exanple, sulfur, oxygen, and

sel enium Thus, in one enbodi nent, a hydrogen produci ng conpound is an
"organothiol", or a conmpound having sulfur as a reactive noiety and any
organic noiety ("R') as defined hereil® (see, for exanple, Exanple 1).

[ 0036] I n anot her enbodi nent of the present invention, hydrogen can be

pr oduced,



upon reacting the hydrogen producing conpound with a netal substrate, by
dehydrogenati on of a hydrocarbon noiety of a hydrogen produci ng conpound.
Accordi ngly, the hydrogen produci ng conpound can further include a

hydr ocarbon (e.g., wherein X is hydrogen) (see below, Exanple 2). [0037] A
hydr ogen produci ng conmpound further includes an organic noiety ("R'). An
organi c noiety present in a hydrogen produci ng conpound and suitable for
use in the current DETAILEDDESURIFIION OFTHEENVENYIOdCar bon and can

i nclude any organic noiety that maintains the desired phase of the conpound

during h ling.(e.g., transportatiqn, transfer, reacti.on, .etc.) and does
not sgbsf‘ﬁﬁpi e PR FRYRtgn éﬁﬂﬁ%%ﬁ?@fq?%ﬁvw i eeruRBRESH h the
react i ve,npihah s 2HRPbiRlsGre Réi13H! &el%iam?lé%ﬂgng!dw%%n aR@torr&adedg | inited to
al kyl, heter oa?kyl , lower alkyl, alkenyl, substituted al kenyl, a% kynyl ,

aryl, hehpdrogenyupomti&oand, fanthe paphkses of pentesatongyaneigy, Bydkggearpyoducangy| al kyl ,
aryl al kenyl , aryl al kynyl , aryl ene, oxyaryl en oups, d. cqonmbi nati ons
Cher cof  FOBPRTIOE 4E50rbTe o et PRltoRaca bersRcte R Pl PRSI RTEBRS ai n one
or nore KedBEaRsRNThe LORRShddcANRLIR SGuRINEAH 1A® bin 6 udeb an® BREMHted, NVent i on,
hydr ogen can be produced, upon reacting the hydroggg pr oduci ng conpound

wi th a nérskampleseagearding pycogeenipnalaernsiod autemodilp yepl sseaslahistibitéany of a
hyd ing.. . i ngly, the.h ' d
can ot ek it AR R M A HACE Bl A A SRR B0 A8 b0 T 0 o

herein, fdpeodesdethandl eég2heatedyby hydebgonatidbwofthk ¥perd ompsSurklD i piotndecr at | east
one heteroatom_ As used herein, the term"heteroatont refers to N, 0, S,
and the FeRROUNGERBIRe! producing hydragen anduwiteble farfurhease in Bydipgen o al ky|

f ' 1St d ,
groups #‘g’tdna%o“%@é‘?@%otg[{% ,eséglggrﬁleﬁff&‘ﬁ T dé;fg,%%g E‘lﬁ’?‘tﬁ‘ﬁo}f‘ [y dr oxy

al koxy, rcapto, stituted c eterocyclic,
subst i t utledribet regaryatiniga, hydroden-rivhidstm tuitabit for Y1l dropet prodactidn, (egylast i t ut ed

het eroaryl, aryl oxy, substituted aryl oxy, hal ogen, K cyano, nitro, am no,
ani do, -égcbygfn Rieg¥<ing syaRgnd) §QWE§W€H¥E%PPQ}H§> andygrysgohcde, sul furyl,
and the fég%ﬁerat[e@ Qéﬁb@&ngﬁq@dﬂ)@éﬁ bfbductiWRcoRlidy/ o thé 85LfiBed Refbliy! groups

having from 1l to about

[0031] Referring to Figure 1, a flowchart diagram 10 of hydrogen production and
regeneration of hydrogen producing compound from spent compound, according to an
embodiment of the present invention, is shown. Hydrogen production for energy
generation begins by providing a hydrogen producing compound in step 12. A
hydrogen producing compound of the invention has a formula R-XH, where R is an
organic moiety and X includes sulfur, oxygen, selenium, or hydrogen. The compound
is reacted with a metal substrate to produce hydrogen gas in step 14. In addition to
producing hydrogen gas, reacting the compound with the metal substrate further
produces spent compound and/or R-X compound bound to the metal substrate. The
hydrogen gas can be collected 16, for example, and used for generating energy in step
18. Following reaction of the hydrogen producing compound with the metal substrate
in step 14, any compound bound to the metal substrate can be disassociated from the
metal substrate in step 20. Disassociation of the R-X compound bound to the metal
substrate in step 20 can be accomplished by an input of energy from an energy source
22. A disassociated spent compound (e.g., a dimeric compound having a formula R-X-
X-R) is produced from the input of energy 22 and disassociation of the bound R-X

compound from the metal substrate in step 20. Spent compound can be collected, for

11



carbon atons. [0042] As used herein, "alkenyl" refers to straight or
branched chai n hydrocar byl groups having one or nore carbon-carbon double
bonds, and having in the range of about 2 up to 12 carbon atons, and
"substituted al kenyl" refers to al kenyl groups further bearing one or nore
substituents as set forth above. [0043] As used herein, "alkynyl" refers to
strai ght or branched chai n hydrocarbyl groups having at |east one

car Eo n- cak&ple] Jﬂgﬂb@ngmmﬂ (eégl?yﬂlﬁokgeﬁged)rto tatferm auigbleofor equrbdiztiopofo 12
carbon atons, and "substituted al kynyl"™ refers to, al kynyl groups further
bearing &¥&osen g Kegemgation fvpentLomiperng to3 %r@lﬂf}%}%?le %@é’lﬁ?" ngs ed herein,

“aryl " or A i . i ' car bon
atons andrrssiafisBLOT PP HAPUIRH S GGt ERRE PRt R Cne or
nor e subatcbmpewidhaingeforfata R-38bavsep POAUEG s rogematativey lgidnogehhet er oar yl

refers to omatic rin contai ning ope,_ot nore heterqatons (e.g., N, 0, S
or the | PRSHCIHE CompPURS FoRPER PR HYeroBaheh HaNAHor REEIEHie of 3 up
to 14 ca 3 i d Ebi5tai oaryl groups
for her o B o i B o e D 6] As e
herein, ‘eakoofliydredenigsndrationéndiuding,yfor examgllk wbnventiendimethddsydfl i s as

production.

[0032]  Accordingly, the present invention relates to generating energy through
utilization of hydrogen produced according to the described methods. In one
embodiment, a method of generating energy is performed by reacting a liquid
compound capable of producing hydrogen, such as a compound having a formula R-
XH, with a metal substrate to produce hydrogen gas and spent compound and/or an R-
X compound bound to the metal substrate. The hydrogen gas produced by the
described methods can further be utilized to generate energy including, for example, by

utilization in a hydrogen consuming device, such as a combustible engine or a fuel cell.

[0033] Referring to Figure 1, a flowchart diagram 10 of hydrogen production and -
regeneration of hydrogen producing compound from spent compound, according to an
embodiment of the present invention, is shown. Hydrogen production for energy
generation begins by providing a hydrogen producing compound in step 12. A
hydrogen producing compound of the invention has a formula R-XH, where R is an
organic moiety and X includes sulfur, oxygen, or selenium. The compound is reacted
with a metal substrate to produce hydrogen gas in step 14. In addition to producing
hydrogen gas, reacting the compound with the metal substrate further produces spent
compound and/or R-X compound bound to the metal substrate. The hydrogen gas can
be collected 16, for example, and used for generating energy in step 18. Following
reaction of the hydrogen producing compound with the metal substrate in step 14, any
compound bound to the metal substrate can be disassociated from the metal substrate in
step 20. Disassociation of the R-X compound bound to the metal substrate in step 20
can be accomplished by an input of energy from an energy source 22. A disassociated

spent compound (e.g., a dimeric compound having a formula R-X-X-R) is produced
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defined above, and "substituted al koxy" refers to al koxyl groups further
beari ng one or nore substituents as set forth above. [0047]As used herein,
"cycloal kyl" refers to ring-containing al kyl groups containing in the range
of about 3 up to 8 carbon atons, and "substituted cycloal kyl" refers to
cycl oal kyl groups further bearing one or nore substituents as set forth
above. [0048] As used herein, "heterocyclic", when not used with reference

to an ar grom ihe ifipu@f efie@ben3 aﬁ@dsyssbélaudﬂ o]‘Ethe bmimlgwbmrapomhdgi)ongmu pS
cont ai ni ng one or npre heteroatons (e g or the like) as part of
the ring n%“-tt? Lsubsirae ntap 20213068t sompayad F%B%CQHG@ 9T exrapedhon at ons and

"substit cy, earing
one or % S ugetgﬁlé'gijeﬁ{ﬂo%gl%&s g% ? (g{)&haﬁgg{?gsy?% 648 H&géfe ﬁ&%&% ga,Q.
"al kyl ar )Hegeﬂ&itﬁfrﬁ)ﬂsper&lcbmlpeemdoﬁ)ta fonnhedita g Forduydiagen produltsunbist i t ut ed
al kyl aryl " refe s.to al roups further bearin ne or _nore
substit uéﬁ‘t‘%n%@ etpy ?%F?‘i% @sa%g CP‘@B?)’@} A@ﬂ&&@"ﬁ‘é‘r@lﬂ%’ “CSF‘fPH‘IPRWd' refers
to aryl- %Hl% X in IPURS t1RADy restastatihth Yhralildthg coBpRI t o
aryl al kyl % ur?h lgeg? oneyoﬁgﬁbré gugsfgfu%nts a%cse forth
above. from spent compound Hydrogen 26 utilized for regenerating the hydrogen producing

compound from the spent compound can be obtained by any means of hydrogen

generation, including, for example, conventional methods of production.

[0034] Compounds, such as organothiol compounds, are well known in the art of
SAMs for their ability to spontaneously react with certain metallic substrates, forming a
an organothiolate compound bound to the metal surface. SAMs are generally depicted
as an assembly of organized, closely packed molecules. Self-assembled monolayers
formed, for example, by the chemisorption of organic molecules on metallic surfaces
(e.g., gold) are well characterized synthetic organic monolayers. See, Ulman, An
Introductin to Ultrathin Organic Films: From Langmuir-Blodgett to Self-Assembly,
Academic Press, San Diego, 1991; Dubois el al., Annu. Rev. Phys. Chem., 43: 437
(1992). These monolayers form spontaneously upon contacting an organothiol
compound with a metal substrate as a result of chemisorption of sulfur on the textured
surface of the metal substrates. The molecules self-organize into a commensurate
lattice on the surface of the metal substrate. See, Porter, J. Am. Chem. Soc., 109: 3559
(1987); Camillone III, et al., Chem. Phys., 98: 3503 (1993); Fenter et al., Science, 266:
1216 (1994); 20; Chidsey et al., Langmuir, 6: 682 (1990); Sun etal., Thin Solid Films,
242: 106 (1994). Besides forming a monolayer on the metal surface, the above

reference reactions produce significant amounts of hydrogen gas as a by-product.

[0035]  As used herein, the term “hydrogen producing compound” refers to a
compound having the formula R-XH and capable of producing hydrogen gas upon
reacting with a metal substrate. In one embodiment, X represents a reactive moiety
capable of, upon contact with a reactive metal substrate, releasing hydrogen and
binding to the metal substrate. Sulfur is a reactive moiety with well-known reactive

properties when contacted with reactive metal substrates (see above). In addition to
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[ 0051] As used herein, "arylal kenyl" refers to aryl-substituted al kenyl
groups and "substituted arylal kenyl" refers to aryl al kenyl groups further
beari ng one or nore substituents as set forth above. [0052] As used herein,
"aryl al kynyl" refers to aryl-substituted al kynyl groups and "substituted
arylal kynyl" refers to arylal kynyl groups further bearing one or nore
substituents as set forth above. [0053] As used herein, "arylene" refers to
di val ent tlasiosatpoandy @\gnsohdeunds dontaitirg sdfigas afreftiug modet ) camptuonisat oms and
"substituted arylene” refers to aryl ene groups further bearing one or nore
subst i t uBAYIBS axyssaangd seleRumEG also PERIBUSIAC QRY8EN SEleRIUAL an Wh’Fg‘F"e’ﬁ‘e refers

to the | | 1 Se s Ihaefs akQvg.Rd

"substi [Tﬁrtegs gxfglg?g?ﬁeﬁlg%e?%%%{s}% %ﬁ%?%é%e%ré’ﬁﬁi% urts'hg(rg\ébceérai ng one or
nor e subsdactivembitasreset iff ohydrogdngredudifDésinvamidand seixaipfos ssoin thg dr ogen
produci ng conpounds sujtable for use . in the cur(ient N nvgtgltion are provided,

| t
and are Foent h‘%V(?HH‘é‘HmFiPdB OF PYATRIG SPH ULy YEety, AR slepiumg; Jhus, n one

embodiment, a hydrogen producing compound is an “organothiol”, or a compound
having sulfur as a reactive moiety and any organic moiety (“R”) as defined herein (see,

for example, Example 1).

[0036] In another embodiment of the present invention, hydrogen can be produced,
upon reacting the hydrogen producing compound with a metal substrate, by
dehydrogenation of a hydrocarbon moiety of a hydrogen producing compound.
Accordingly, the hydrogen producing compound can further include a hydrocarbon

(e.g., wherein X is hydrogen) (see below; Example 2).

[0037] A hydrogen producing compound further includes an organic moiety (“R”).
An organic moiety present in a hydrogen producing compound and suitable for use in
the current invention typically comprises a hydrocarbon and can include any organic
moiety that maintains the desired phase of the compound during handling (e.g.,
transportation, transfer, reaction, etc.) and does not substantially interfere with the
reaction of the compound with the reactive metal substrate. Suitable R groups include,
but are not limited to alkyl, heteroalkyl, lower alkyl, alkenyl, substituted alkenyl,
alkynyl, aryl, heteroaryl, alkoxy, cycloalkyl, heterocyclic, alkylaryl, arylalkyl,
arylalkenyl, arylalkynyl, arylene, oxyarylene groups, and combinations thereof. R

groups can be substituted or non-substituted and can contain one or more heteroatoms.

[0038] In another embodiment of the present invention, hydrogen can be produced,
upon reacting the hydrogen producing compound with a metal substrate, by
dehydrogenation of a hydrocarbon moiety of a hydrogen producing compound.
Accordingly, the hydrogen producing compound can further include a hydrocarbon (see

below; Example 2).
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hydr ocar bon. For exanpl e, hydrogen produci ng conpounds can i ncl ude

nol ecul es having relatively |arge hydrocarbon groups, such as 6 or nore
carbons (e.g., ©6-Cl2, Cl2-C20, or greater than 20 carbons) nol ecul es
having relatively little hydrocarbon (e.g., |less then six carbons).
Exanpl es includes nethyl nercaptan (CH3SH), as well as organothiols having
the formula CH3(CH2) nSH, where n=less than six (e.g., 2, 3, 4, or 5).
Exanpl es[oasp i A hskdichedsigahe tdrinTihetenealkyll retedsttd pikgl groupd comtaining at Conpounds
having nultiple thiol groups typically |less than four thiaol groups per

mol ecul elepst oge hetpragfomy As yspdladisiasthy & m dieteroateh” refersdo 56 Os Rip %ﬁps (e.g.,
thiols),ﬁ%ﬁrn1polyners t hrough -X-X- bonds, the | ow viscosity of which can
decrease the useful ness of the conpound for the purposes of the present

i nvention. Exanples of conpounds having nultiple -)(11 groups include

HS- (CH2) [0080] wWAeueedteréins'subdtduted alkel"geferto3)kyl gsoupe flirthes bbaringranat om

conmpounds such as. dithiothreitol. O her. exanples of go ungs..sui t abl e for
use in t HePEEHY ﬁ’ctu‘?nﬁ%%ﬁ(i‘?‘it PRV G’E?é‘yi-@(o’@i’-_ Qaéﬁ?-cgaf)g?ﬁi’ 5‘8’3@"3‘?&:, and
t hi Ophen@cloa’ﬁ%ﬂfl}ﬁk@éro@%ﬁ@féu%&itﬁfed% HS oSyl §Lﬁ)|§ﬁﬁtéd%¥lu§&el@ﬁﬁ@,r ding to the

present i1'nvention are illustrated in Figures 4 and 5. 6056] I'n one

enmbodi meswbstitubed Heyadoaryk arypoxyu sdistigntedbanploapidhald genheyanaymitrp] @minps present, at

room t enper at inthe formaof a.liguid. ch a ligu d state..al room
t enper at HFE%; 7;E(g)@éf %ﬁyfl’ PP SRR Sﬁﬂglpg’ %’ﬁépil?bqei %ug Sﬁ’ %ntﬁftg“grl% “aut onobi | e
fuel dispensing nmethods (e.g., gas punp) is desired. As such, hydrogen

produci n@oa PP OB dsedussedibl] “lowert AIRyIC vsfeNb alkyy gRpOhavatiefrbypli oabbyt 6 n t he

| i quid phase at roomtenperature and have a boiling point range of about
20C to a®ean #oWs, 100571 The step of reacting a hydrogen producing
conpound with a reactive netal substrate is exenplified below, in terns of

react! noypliz0r IR0 ALY iRhcifl {allRyO Y R & tiindhe@ AR hpdEABEN gas and

an organot hiol ate bound to the go substrate, as ows: Exanple: 2(R- SH)
+ AU -4 go(pShdR: snéidr oB5Q kWO esben daibiebaldssarddtavaigen teehuge 0fh t he

present inveption_jncludes any substrat ontainin nmet.al and capabl e of
react i ng?ROVf A VR t‘P&%F?‘f 8h ai?r“?fdg‘&‘f ﬁb‘gﬁﬁﬁtﬁgﬁﬁ(&n o r%?@&?& RYIELRS "¢ onpound or
conpoundshengkatine bie o Rt fdk@ubiahs b roletmegenat ed as conpared to the
unr eact ed hydrogen produci ng conpound. Suitable reactive nmetal substrates

can include, for exanple, gold, silver, platinum copper, and 17
[0043]  As used herein, "alkynyl" refers to straight or branched chain hydrocarbyl
groups having at least one carbon-carbon triple bond, and having in the range of about
2 up to 12 carbon atoms, and "substituted alkynyl" refers to alkynyl groups further

bearing one or more substituents as set forth above.

[0044]  As used herein, "aryl" refers to aromatic groups having in the range of 6 up
to 14 carbon atoms and "substituted aryl" refers to aryl groups further bearing one or

more substituents as set forth above.

[0045]  As used herein, "heteroaryl" refers to aromatic rings containing one or more
heteroatoms (e.g., N, O, S, or the like) as part of the ring structure, and having in the
range of 3 up to 14 carbon atoms and "substituted heteroaryl" refers to heteroaryl

groups further bearing one or more substituents as set forth above.

[0046]  As used herein, "alkoxy" refers to the moiety —O—alkyl, wherein alkyl is as
defined above, and "substituted alkoxy" refers to alkoxyl groups further bearing one or

more substituents as set forth above.
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mercury. Metal substrates can further include, for exanple, netals treated
to renove a surface oxide coating, thereby enhancing the reactive capacity
of the metal substrate when contacted with a hydrogen produci ng conmpound as
descri bed herein. Useful netal substrates are not limted to a particular
size or range of sizes. The choice of an appropriate netal substrate size
for a given application will be apparent to those of skill in the art.
Reacti ve[0tdThl dshiséd kdrein, Usefoalkyl "nrefdnretoqing-enitainingeiltyl groupse not |imted
wth respect, to formand can include, for exanple, film sheet, foil,
wire, wapeHainigye heteggs of shout 3 up Ffégéf?fg%at"&}%;%&ﬁ SEPTIES RYSPAKYL  al ity

t her eof f‘efé@%&w@\r@nﬁsﬁ}@uﬁ fidr B POheAtiriRorl ubdfitdent s TR Fth 3BE. L O
enhance or nmaxim ze the surface area of the metal substrate. A reactive
metal substrate with a enhanced surface area can include, for exanple,
various {048 oAsmaebeinythetaoichc'|, evhgn nohesed pathotgterepsiedd an grosatigs
described in ’té S. Palr.%{]t No. 6,805 9)72b whi ch.i.s incor ora}md h(erei n by

r ef er enc BNELERTHIOLYClIG 1€, TBZCOR{aINgE) SOWECOFRENING PRBSIGTPIF I 8IS di ment of
the presgng., NNOeS!drane 1iN)ek Haft @Aeid i sty dhe Ueinp P theGhie foend
produces hydrogen gas and a conpound bound to the substrate, the invention
further ilfhetrhaestodissadSsdistititesheterecysbightetens ipbetar@cydicgrounsriyehest hi ol at e
conmpound) _from.the I tr uce an unbound spent conpound. As
used her ?aﬁl,ngtqﬁlg Q%%g%bﬁéﬁgﬁ%g%‘%tﬁgh%og%érs to an unbound conpound t hat
has been reacted with a netal substrate to produce hydrogen and is

dehydr ogfivabpd aAs uvsahipaeiad" dlloylidyt' rafetly ogdlyl pubgitated gryd grpupsiand prior to
reacting, wth tge nzatéaf" S bstrﬂ;tm?. Thus a sBe t compound can include a
conpound "thstituied eleylaryl" refses te @lkylarnl gronrs Byt P& OB ghiofUr t her

di sassocigfBlichis Q0L NE B Rle, SUbStrate. I n some enbodi ments, spent conmpound
is produced In the absence of a disassociating step (see below). A spent
conmpound can include, for exanple, a dinmeric conpound having the formula

R- X- X- R, [950Huc Ad ubsd lafireiasSoylakyl rgferhie arybsubstifntediatiomnerdvgs ped al substrat e.

I ] i t d, i ncl I ' d f d
froma comBrHEen ah GIofarersip bty soG PERetbAaE SR W nbfounds
di sassocg@dsBfhichts aexétlerthEb@le. Substrate. [ 0060] The process of disassoci ating

the R-X conpound fromthe netal substrate, and thereby producing a spent
conpound, is exenplified in ternms of disassociating. an organothiol ate

conpound G058 aAgases keieiat taaylalkenylf sfars do aﬁyéﬁPbﬁti&éeW%dl%o% AP | ows:
Exanpl e: "ﬁﬂ&it&&@a?yl%lﬁg@ﬁ‘sgéé@t&a Ihuie‘ﬂgg%élog{m Wirfhkr Pé‘ari&lg%ﬁg Bk fn%ge hovever,

that a conmpound produ y the disas Ion step can 1 nclude conmpound
ot her t haubstitventsias settfodinaledvenrul ti ple "-X-R' conpounds (e.g., polyneric
conpound) that are disassociated fromthe netal substrate. In sonme cases,

for exa wher e ini.tial hydraoge roduci onmpound .conprises a
plural i {TBJOSF] rgg‘éfl??apehwpetair%lgl?{(é'ﬂﬁg?%e : @é}s.ﬁ%ib%fte a_@(ﬁf‘é%'tgré%‘?ﬁt‘} nd can be
formed bysBandicdarRbikiNA" Fdasté ¥§1dIREA bR%p¥irtHen béarflgN@le@r aRAPOUNd, as

illustrated bel ow
substituents as set forth above.

[0053]  As used herein, “arylene” refers to divalent aromatic groups having in the
range of 6 up to 14 carbon atoms and "substituted arylene" refers to arylene groups

further bearing one or more substituents as set forth above.

[0054]  As used herein, “oxyarylene” refers to the moiety “O-arylene”, wherein
arylene is as defined above and “substituted oxyarylene” refers to oxyarylene groups

further bearing one or more substituents as set forth above.

[0055]  Various examples of hydrogen producing compounds suitable for use in the

current invention are provided, and are not intended to be limited to any particular size
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[ 0062] Various nethods of disassociating the R-X conpound fromthe netal
substrate are suitable for use in the nethods of the invention, including,
for exanple, by application of an energy source. In one exanple, R X
conmpound can be disassociated fromthe netal substrate by the application
of heat. R-X conpound can be disassociated fromthe netal substrate for
exanpl e, at a heat of greater than 80C. The applied heat can include, for
exanpl e, hajiptarboig Forkeahplphydegalf prabwitg Snddnds caviabluds molec8RE, and nore
specifically, b,ou]t 70C. her nmet hods can incl ude | i cation_of

ul t ravi ohMing 19lativelygatge hyrrosaidon EEUPSUGR agf OBMOES Far 3 Edv ekt surf ace

i nteract pons. b &@g}ﬁfg{ ge according
to the ngzsngzr?t&it v@ﬁﬂtﬁgﬁ?@%& c y&%éér%ggvgg (r)}?rl]%a %ﬁp R%E)H}%(/?cr%fobl%ﬂto about 50
kJ/ nol . (e, ek themsiz-cgibods)i xempbdsiinelyddsonetey angrtaptarh@3H8b1)j astwelbast | on

ener of aboyt 35 kJ/pol.. Thu er t han 35 kJ mus added to
t he gﬁr f ggangt 1°I1913}E?éﬂ’§ttg$ g‘?@’é@%@@?m‘i{ﬁ “ﬂ%{f’n’a;qﬁﬁ BUHY .(e‘g"h%’ ggr 5 cul ar
amount o) enehfed fGULERHe bYPanbthRASEBRG AhMLNPICHIR sbedhgotifist he netal

substrate will depend, in part, on the conbination of conpound and net al
bei ng ut havizgohubipde thidllgrdyps tymcillylessehar foun divdlegronpstdee mokdcbledd.gar2t i san. For

further disc i 0 f dissocjatin al_substrat und R- X conpound, such
ns t empePhuddr oot beh Mo o dronb ke Biinb SRt Reh noc a
subst r at @geugheel-X- Bbn@X 1EIb®, vidtekiey akwhich cad decréa3p @iBistfuli8d of the 2687- 2693;

Bondzie et. al., Surface Science 431 (1999) 174-185; Rowe et. al., Langnuir
1991, 7, egumourd for thrpyeposgs ofdhe presenh gvightion. 1ggmaples ofgempenmds hayingg et . al .,

1993, J._A h p K 34h3; of ' re 4. ed
el n by TR e Rl HETEREaE vt ntisnt Uit i 4 RERE BR0%

r egener ahétergatoyttogungs Qi dghiothrpoel N ©thérexusprs bf canpaindd suildgener at i ng
hydr ogen _produci ng conpound from spent conpound i,n%I udes, for exanple,

react i ngfo usHBrhe ewer6 arEnivn mehyle HderHe-6 Herd fhiobenze8ens®dnd having a
formul a [g; h -1 I _ RATsTHY ypebffom t he
Spent . com e o e B PO B

di meri ¢ mwogourde ilbatratbé ichgontesdldnd 5t educed are known in the art. Were the
di meric conpound is a disulfide, for exanple, the disulfide can be reduced

ith hyd to f thiol, thereb ting the hyd -rich
thi of -+ DS anfh ¥ FiRelet e aSioBe BESPERE FauPA DR SERIRES 1 orm a
t hi ol bygx%@éna,lam&n RyeliceaeRain 198 fdrth 6F a iGBACShd h Mididl s@td e m car bonyl

catal yst). Various nethods for the catal ytic hydrogenati on of organothiols,
for exanjsiwerayire fis yreful ot pxamplppehase utilieation 06 eusgt pptemabieferd art (see, for

exanpl e, ,.U. S.. Pat ent . ; dzj e . Sci ence 431
(1999) 1?‘513@%%)‘3.‘5“?%%‘1%&? éﬁ%ﬁjﬂ&@% dF %?e’&r %Sesrlfgfrl’a}p? %dggeflﬁggiu%@ conpound can
be pr odugstbduidanyefulth fectukravmverdtidn@e Bpicalle ilgthe lguktphadt yiroomdi ssoci ati on
of water, reform ng, of hydrocarbons, hjgh greossure storage, etc.). Were

t he i nvel§ipatyregndBaveaRpiing n@agraagﬁ‘eofbgwﬂ F0rEdto apgt Qé)BQa‘gpl e, on board a
hydr ogen powered vehicle, the regeneration of spent conpound to a form

sui tabl e hy: t ¥ I fromthe
vl ogent’ur dues ront U d oA RO ool B S GRRA, ons. o
exi st i ngsubetrite dsexsmplifiad bélbghin tenpeofrcacteg aardgpogdssiwils a @eldgupstraéé or mi ng)

are of |ess | rtance. [0Q64] Regenerat.ion.of ~.a hydrogen pr cing
conpoundtofpf%‘iﬂrég?’é'%‘@ﬁim g?fr?ﬁlglf‘ﬂd)rg@% @ﬁ%t?olupggo heies .Suﬁgta%ﬁ’&sﬁgl&lﬁ?'%ul fide
conmpound, for exanple, can be reduced with hydrogen to a thiol to
regenerate the pygigeem®i-sH) +Mwl> Lqrs-eyprplhe, a disulfide can be
converted to thiol by catal ytic hydrogenation, as exenplified in the two

reactions illustrated below R S-S-R + H2 s 2RSR netal catal yst
[0058] A reactive metal substrate useful in the present invention includes any

substrate containing a metal and capable of reacting with a hydrogen producing
compound to provide a spent compound or compound bound to the substrate that is
dehydrogenated as compared to the unreacted hydrogen producing compound. Suitable
reactive metal substrates can include, for example, gold, silver, platinum, copper, and
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[ 0065] According to the nethods of the present invention, hydrogen can al so
be produced by dehydrogenati on of a hydrocarbon noiety of a hydrogen
produci ng conpound, wherein the dehydrogenation occurs upon reacting the
compound with a nmetal substrate. Thus, in another enbodi ment of the present
invention, a nmethod of storing and produci ng hydrogen for use in generating
energy includes reacting a liquid conpound capabl e of produci ng hydrogen
and havi figraur§.oMetdl sutsitratb? tandidrthes inblude,fot etangiésnetals eredtod po sehwoe ahydr ogen

gas and a spent . conpound. A spent conpound can incl ude, fqr exanple, a
conmpoundSWERFe Rgids W@#%F@r@’-e%ﬁﬁn%&@??cﬁﬁe F%’aﬂ@hﬁ)ﬁ'?%&?ﬁ‘?jts@ﬂ?t‘?a ative to

R ; R3= J o i R heRE i nation
t her eof Xgl}}%]g%ﬁ%&@}%éggﬁ%ﬁ ggﬁg%l?%g{ﬁﬁg odvéeésie%%bﬂgg]he%%ﬁgggﬁpt he out cone
of hydr ogeml putsthaes kemdbindel yala pertinelar sine of ranghgihizesalbeorhomot ef gn of a

e e abiyle B SO B 7 151+ BYER peolfeelion Pl B Eeert i Bosd Prsici?
hydr ogengf in@art. Rgctfliefh&AIENE8rdtss UsBR il ihe cHNEHIGRRMALSR FeGidt Tigfitcl Riith Process

of hydrogen production by hydrocarbon dehﬁi‘r ogenation is potentially any
organi ¢ respent ti formieatl cenmchidesfonpxamoplers film shestnil, wireavgfter, subey dbergenat i on

the catal yst .surface breaks the bond.betwee dregen | |

homol yt i £ FRACEGaRL 45 cqry IH%PO&Or&ﬁ‘HanB%?ﬁ?%‘gg acﬁ ?%{égsuﬁo(eét%va SR with

hydr ogenysB86 ai's forldRERNBEW QMBS draskimiRlhd durface SRA®T ee hétal hydr ogen at om
can | eave the surface as hydrogen gas. According to the current nethod of
hydr ogensyistiatigc ¥ tsactive mstal wbstrate withwicahgnoed syrfacerrepcagdp¢lnddd fdbove) of the
hydr ogen_produci.n i e o i1s, hydrocar bon

o ety 1 SN ERRR P o BplolF RS (i NP RPED Y, SBalY T P2 <

hydr ogendéscabed el By BitomaN b @803 721 whizhds fnoomperaediosreinbiytrbferdncagsebef ore.  An
exam nation of sone of the bond energies for hydrocarbon noieties (e.g.,
CH3- H 448lseJ/ soPeentIB&PI93821 kJ/ nol e; CH3CH2CH2- H 423 kJ/ nol e;
CH2=CH2CH2- H 375 kJ/ nmole; (CH3)3C-H 359 Id/nole; CH2=CH H 465 kJ/nole; RS-H
367 kJ/ an SRR i e i L nd ener gy
of hydro gr%b](l %% 436 k%?éng{bggesrﬁgﬁg&n?&?ggf Q}?ﬁ%‘f?tﬁﬂ?ﬁl&%ﬁﬁ% ecul es are
capabl e pfodiidsg ngmhywrdageducas bydrbgert grs and paoywound-bewndde the substsateasi er for

t hose thgt .can, .gener.ate r.e stabl.e Lecule after. |osing hydrogen (e.g.
pr opy! enB'C3RE™: g?rg‘frﬂﬁ?f B}Ci%glﬁ)gﬁs?‘sspﬂaﬁ%%gkg%ﬁi %?m%ou&‘}c(?ghgﬁ%‘fm ?I%tgy can be
sel ect edcHBERIIF fibhn 168 ek $8bstRAa8 phatuRs af inbiiddagen chapbeidn As uady stabl e

aromatic structure. Converting the aromatic group to CKC| ohexyl noiety is a
known pr beseissthedermn “spent eoxnopnd’ refgrsto paunbepndeompourdghatdns begid Makal ~ et

| ., Catalytic .Hyd i p i , Pol .
(1080) - preatlst Salbe R RaP RIS 1 8broBIZEFo AR ARl BUSERNER Y SPEuRRE | O
i ni tiat egh fay hh@apbybioduehg svapeundiptior feaytingwith dfeanethhabsteste. Phucaice a

stable radical is suitable for the above reaction. Hydrocarbon nol ecul es
can al sosisat eFmpindvan fnsfudeadiosiperne hetihes hegh reaciedrieh et gesipteey enpl ar y
conpound i . . ti

dehydr og%}fg{trﬁ#&l?ilb%s as%@’(%a}tg%gr?%%ﬁe ﬂn{t‘}?&étg {l/%ﬂﬁ%[ u g?rﬁf? gir%g?(%{%&é%yegat anet hi ol ,
pent anet tomapoundax prodtibedah theataboieax ankdakioolating ntp 1set-beloot)o e x@emtli t hi ol .

O her exanples of co upds suitable for hydrogen.geperati gn_b

dehydr og%‘?"f%??%’ﬁ ar I%T‘R{}d EXABRlS Himery ‘ioﬂéoﬂ’&‘gﬁ?‘ﬂ’gg &SI ?W\ﬁﬁ &%ﬁ?ﬁﬁ)unds

i 11 ustrapedidy 5 dWsEseidingie R-X bOARBEJMans prRE Yitlirkied 16 ¢ ohexandi t hi ol
and gold are used to exenplify production of hydrogen by hydrogenation of a
hydr ocar bobodiiest, ¢ spént sompdursionludesonipd ymgric oomppernd, formedbirdingg to t he
present invention. 1l lustrated be when 1. 4-cycl oh ndit hi ol

cont acts C‘f%@“@%‘f”d"@ﬁ@#ﬁke(?‘gh ﬂg&%gé}a{ O} g\% SePRpgds dis %/Sé’ﬁkaéegixg% Be

1, 4-cycl ghexansithfei ol is converted to spent conpounds

di t hi opar abenzoqui none and / or 1, 4-benzenedithiol plus hydrogen. Exanple:

[0060]  The process of disassociating the R-X compound from the metal substrate,
and thereby producing a spent compound, is exemplified in terms of disassociating an

organothiolate compound from a gold substrate to form a disulfide molecule as follows:
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1, 4- Benzenedi t hi ol [0069] The spent conpounds dithi oparabenzoqui none and /
or 1,4-benzenedithiol are separated from hydrogen, for exanple, by any of

t he vari ous nethods known in the art for separating hydrogen froma liquid,
such as by the large difference in their boiling points or by nenbrane
separation nmethods. [0070] The spent conpounds produced by the
dehydrogenati on reaction are capabl e of being re-hydrogenated, thereby
regenerating thBxapslel gapRpd-xtR-BSfPormwsuitable for re-use in hydrogen
production. According to the bel ow exanpl e, the dithioparabenzoqui none and

1, 4-benzenedj t hj ol _.can be ch cally reduced to, 1, 4- cl ohexandithiol. In
this prot®edl tHevildegesaenize rROél‘ieF‘f F%éﬁ%@ﬁur&'?mé‘é“@aﬁyd}é"d" wi t h hydr ogen

and can agaleilford bt LARHILAE cRRRAMAoR: REAOGRIHRARN S RLIARE ISR T or

exanpl e, tor generating energy. Various nethods by which the hydrocarbon

noi ety oforspentls Gogpmipndsris cahpamnd)lilphaephsastoetaiiom diematatisubstrate.

1, 4- benzgnedi t hi ol nnlecu%es can.b%. hem cal | y.reduced are known in the art
and i nol TRma GFese A EREPISaY ARyt B VbR ERRT G PP (EPPER S s on of
hydr ocar pop,) iy 8f REGRRIHhABesY(e S 8Hytd Hehycnaarnathobe fR@ed bor
exanple,p%otg?ux etngl., "ﬁéﬁ%@gﬁﬁ§%?%g£%atﬁgn Cat al ysts", Fwdrocgrb

Pr ocess, bovling df38® regstive magies avithina Snglatogmpoungd as gllpgated delowsl | of whi ch
are incorporated herein by reference. 1,4-Benzenedithiol [0071] The present
i nvention further relates to a nethog.of regenerating a hydrogen

S—S

[0062]  Various methods of disassociating the R-X compound from the metal
substrate are suitable for use in the methods of the invention, including, for example, by
application of an energy source. In one example, R-X compound can be disassociated
from the metal substrate by the application of heat. R-X compound can be
disassociated from the metal substrate for example, at a heat of greater than 80°C. The
applied heat can include, for example, applying a heat source of about 50-100°C, such
as 60-80°C, and more specifically, about 70°C. Other methods can include application
of ultraviolet (UV) light, or application of an electrical current. Surface interactions
between a bound compound and a metal substrate range according to the present
invention, typically range from about 10 kJ/mol to about 50 kJ/mol. The thiolate-gold
interaction, for example, has an interaction energy of about 35 kJ/mol. Thus, more
energy than 35 kJ must be added to the surface to liberate/disassociate the bound
compound. The particular amount of energy required for disassociating compound
bound to the metal substrate will depend, in part, on the combination of compound and
metal being utilized and will be readily determinable by the skilled artisan. For further
discussion of dissociating metal substrate bound R-X compound, such as temperature-
driven release of organothiolate compounds from metal substrates, see, for example,
Walczak et. al., Langmuir 1991, 7, 2687-2693; Bondzie et. al., Surface Science 431
(1999) 174-185; Rowe et. al., Langmuir 1991, 7, 2307-2312; Ross et. al., Langmuir
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produci ng conpound from a spent conpound. Such a nethod includes receiving
a spent conpound from a device for produci ng hydrogen for generating
energy, and reacting the spent compound with hydrogen to produce a conpound
having a fornula R XH, thereby regenerating the hydrogen produci ng conpound
fromthe spent conpound. 100721The steps of produci ng hydrogen for
generating energy and the step of regenerating the hydrogen producing
conpound 1P9R M, 682-63@dhiang@iad.y heb3c AnAmcChemalod heS,S84R-3B4%;adli afrwlach

| ocations of close proximt Al ternatively, the hydrogen production step
and the EfrRECTEBRIRY Hn?g%é%%?ﬁf?on step can occur at different |ocations.
For exanple, the hydrogen production step can occur in or on-board an

aut onobi @63 henea$rdsBe ifReHbn FXRL URudes Q@géﬁéﬁﬁfégﬂycﬁbg& 15%6&\1&&%3 ur
of f-board or separate fromthe autonobile, Tncluding, Tor exanple,
f ol | owi ngompeundafrorofsperti sompemnd. cRegsoerating hyshro gdnepraducdmméinhpound froome

exanpl e, regeneration of spent conpound can occur at .a.service station,

anal ogousPE capgisdngides Kotexpanly: reagding Cibeh et Sl THEn Y ¢ )t ha
are curr gfjdute Hebhpaal haWiiy Lok glaRLNID gl RPeitdratp I3EedHes at a
stationary unit, such as a building (e. g , hone, business, dwelling, etc.),
t he regenmdacingrompaued Eom the spent eampavadp Varighhgethods by #duch 4 seat i on wi t hin
t he buil dj ﬂ[b‘rj. |0 i h [ i 1 i e i 1 ding of
hydr ogengéﬁljrﬂgo uc ?%Cﬁ, a%gré%gﬁé g@%ﬁ%&“ﬁt &gﬂ '%eocglg{n?%n%?#‘éﬁ é‘tr%:t "Wér%“t e

bui | di ngart| Wiezd tHealipess eahpoundant idiznlfdel fonekarhplepthe disulfide cdavece for

pr oduci ng hydrogen for generating energ Ice of the invention

. Ad
i ncl udes fdugebWHp Bydwger %ﬁomédhm,é@r@@/@gm%§\§%hﬁ hudregantiph Birlci ng

COWDO_“”dFBIaééia?rgﬂ@t ShiTae Birt®t rethied &R Hé/?rc%@ ?J R aCtth?ib%Xtag%‘é Xis a
reactive noiety Selected fromthe gr oup Gl ur, oxygen;, and sel eni um
The devi bpdibgeration (¢.8¢taadien withatrhddismizathoaylecatedpgp). edarians medleddstftee hydr ogen

B onpound HSGaMBHC e RER O SUBRONATS: R SEFramer WL EHODURRERE fhere the
react i ongpke ByE@EARe Bf QHICTI Sx SRPIROYRI PHehi NG NE76TRS; BoHBAE ELE, Pr oduces

conpound bound to the metal substrate, the deviée ¢an addi ti onal 1y include
an ener gyudacerSaercagabl99) 13-4 85)s ddiediydragen hecdofou rageneratiegithd speném t he

metal substrate to,produce,an unbouynd.spent gaonpound (e .a dinmeric
Compound BTG 4n PBPRU SRt RPN KEDERen 5 RO A Suforist) e o
exanpl e, dRsdt@aionTIW£S, ﬁb‘forﬁqih%/of hy@id castink Cfigh YeeiRe blaggdeatt §eWierdr esent on
an aut onobil e, for exanple, the heat source can include heat derived froma

hydr ogenthednuantiva geviess and mesheds ase perforyngdolge sxampieuan hesid @ Aydegen | n anot her
nbodi he devi ce.
P such Bl el RREALR of GaP o RARALTS Rl SEFBNTOL RTINS V! o

conpoundpdactivy ¢aarev@tht hriosntivh semeate Gemathd hedpgseprodacteme swh arofft an
energy source in o_rge r to disassociate. bountg orrpgun .fromthe netal
) O8s YW

subst r at Boarfotheyesle, adsredanitatipng o€ existing wg &5 Qightemperalifesy i ng t he
spent COM@ rés"(e.%n?efﬁﬂﬁfégzﬁi]%mf%les%E&ﬁpér@a?l%é.vmr for storing the spent
al o e

conpound i s adaptedfor re spent conpound fromthe device. The
device can additionally include a regeneration chanber adapted to react the
spent coffi9édhd Regdnetyyivnodemydmgen peduting epmpsonyt temevdpenttaimpoond fse devi ce
to produce a ound vVin farmul a R XH. there regener at.i ng the spent
conpound B EITRGPRS: S AInETs G RyRPUTRRIS U CErB e ROUCIE (e

i nvent i ORydregé@akiod td Rgbitdrate A1 dk R IIARDE NF Sek atrPl &) @ A uBHE® can

be converted to thiol by catalytic hydrogenation, as exemplified in the two reactions

illustrated below:

R—S§—S—R + H, > 2R—SH
metal catalyst
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energy. Utilizing the hydrogen gas to generate energy can include, for
exanpl e, consum ng the hydrogen gas in a hydrogen conbustion engine or in a

fuel cell. [0076]Figure 2 illustrates a hydrogen production and
regeneration system 30 and device 32 according to an enbodi nent of the
invention. The illustrated systemincludes a filling station 34, a device

32 for produci ng hydrogen for generating energy, and a renoval station 36.
The devi ce 32 incl udes storage reservoir 38 a to contain a hydrogen
produci ng conpound h forgula R XH, er€in R isSHan organic noiety
and X is selected from sul fiur, o&ﬁggﬁla@ﬂgﬁsel nium The device 32 further

i ncludes a reactive tal substrate 40 adapted{to react the conpound to
produce spent conpoun andl or R-X conmpound boun the netal substrate 40,
and hydrogen gas. In the exenplified enbodi nent, the device includes a
reacti on chanber 42 containing the nmetal substrate 40 and an energy source
44 for di[6es3ocitaredingte the Xethodpofithd poasamtdnyentivhehydesgeh csublsbbat e 40 to
produce an unbound .spent conp d (e.g., dineric.c ound having a formul a
RS Ry Prodigo iy Hesd e en gt Thaktcattcl SoiPBiatasSARRRE Breshelieo s ng spont
conpound coMBbedl, GAerdAetRERRY Regdiation 60RYPhpdH rehdiR g IREE m SRR AL f rom the
devi ce. The reservoir 46 and s%orage reservoir can be separate or forned as
one cont inaiadgubsirate. Thvatiniagoihar embodiment offthe presentiventiory aangthed dler 47. hi
one enbod%pent dtQ@'bar&igr 47 .can _be a n?veable balnkp;é En g@iq t he

posi ti on SF EREI RERRSEELYHLO8FT & Uae T HASTHRE O giEy MSLUds? 19asHis ¢ BiP'Y 38 and
46. The pembbircaphblt Bepldnting hyl®gembddieneata forilaofaPKH, witk at he addition
or renoval and, therefore, the relative amunts of hxdrogen produci ng
conpound mgid sebsiate te prpsBIGa Ay diege 88 apdi arspenigomneuad, Arspegsempgrrd, . For
exanpl e, r rier ' he 14 L of the
reservoif&ggwﬁf%gﬁﬁg r%égﬁ“%%ggﬁgﬁﬁgaégﬁg§§% ggégﬁ%aﬁggghn é%ent of the
barrier déhydrbgenetey reating toR aR;EX pahaeinrR af delvelrogehae® radbtiveas® yaia 38 and
a correspondjng contraction_ in the volu of reservoir 46. The system can
further CAHRPEHGEORL ?@-o%@ﬁ*@bﬁ§ﬁﬁﬂﬁ@“H@gﬁé@eﬁ85ﬁ@apted to accept hydrogen
fromthe device 32 of the invention. [0077] Operation of a system and device
of the i nywsli OAIhdugH fieWaRSh¥fhYdfoRks ?Fd?l%@ti&?bf&egiyﬂﬁ) natfdpcragen
produci ng coipound (e.g., liquid organothiol) is transferred froma filling
station %&dmgarbhlem?eat'y ota Bdrp Sereprhilguing c@npaindpaceprdiGpiggbentes¢R- X1-1 in

Figure 2) is.typically iLn Liquid.folmand can.,be stored jn the storage
reservoi%“@ﬁu?éé%mﬁéy%%?%“§$g§P%Hm%b?pﬂﬁ%ﬂed%ﬂﬁﬁ@?eﬁﬁggggﬁﬁound can be
react ed WdldgénatieaC Thy iffepémk iSMBsthe arodbn scurdy Rduteplyvelsegandeae (H2 in

Figure 2) and spent conpound and/or R-X conpound bound to the netal
subst r at erofioctiopley ydsegasban dehyydipgenationrig petgrtiadlyany prgrmicaglorpgihathe

reactin e ir ] i j such as a
Lhar  cop ORERs RfoR, dnluthBtkaldufh IV QAR ARRHAL RESBRNL Pallines 100 B
conpoundbbedibeween hjirogetradlesulbhvmalyeicdlly Gadl 486 kiinalks and dieedtafysom t he
s B A S hoe e it o SRR SR o
R-X-X-R $o88g ﬂé&ggeclag lea¥k B sttfacE N ﬁ)@éﬁﬁ%f he Adb 3826 R hPRnBingihod SPENT

conpound tTan ected, for exanple, er condensation and formation of
a | i qui dpfhydragengseduation, alBydrocarsirombiety &R as defpedrtio(Jed the gure 2, step

6). Spen onmpound can then he renoved f.romthe reseryoir, 46 at a.renoval
St ati on BEEPERPH IR ECOTPdSs HE S ohBLbREeh . TS FRBHEPeR BHEEI% T or m
sui t abl epﬁs@éd B\Yéi”tl’i’egc%@alﬁt Qdyetd &_&1&@ s%face%&?%ef@d%g%ﬂ%n@ ghecOnpound) .

[0078] Accordingly, the present invention also rélates to an assenbly for
pr oduci nhydmearben miokitneandipdme gdnnd withdhes etdrediAmesxamindtion 2 semb pfthencl udes

a first uynit for. nerating hydrogen an uni. i,L]zing

nycr ogen ol ssrerSEE eftardon it fe EnCrBa SRERImo: el S kel {0 accept
hydr ogenkf/ifre; (G, CH,Csh-Ha23 kI/mdee; OH,SCHYOHL-H B3 K@s1ed (CHOL@FE35ESer voi r
adapted to contain a hydro%en produci n conggund having a formula R-XH,
wher e n RVimsles ¢ HhrGRhHe 6 Gugioy Red! Mbbkimolshancka pempersen s ot bomdt he gr oup
of sul fur xygen,. and sel enj tr t 0 react
wth thee<§ F%%@ﬁﬂ$%§)g&%ﬁgyé%%%%ﬁ%%n?%H%%gé5@§R%95%%§§nq%gfggﬁg spent
conpound and/or an R-X conpound bound to the netal substrate. The second
unit can include a hydrogen consum ng2ldevi ce, such as a hydrogen conbustion
engine or a fuel cell. An assenbly of the invention can be contained, for
exanple, within an vehicle or autonobile. An assenbly of the invention can
additionally include an energy source capabl e of disassociating R X from
the netal substrate to produce a spent (e.g., a dineric conmpound having a
formula R X-X-R). The energy source can include, for exanple, a heat source




[00791The assenbly can also include a reservoir for storing the spent
conpound. I n one enbodi nent, the reservoir for storing the spent conpound
is adapted for renoval of the spent conpound fromthe device. The assenbly
can additionally 27 include a regeneration chanber adapted to react the
spent conpound wi th hydrogen received froma source external to the device
to produce a conpound having a formul a t hereby regenerating the spent
conpound these andl@tuivs sk ¢aphble of dusidpididegeen aprmo cuitieicatal ystl FdGO¢fer,guise 3 furt her
illustrates system 50 and device 52 according an enhodi nrent of the

ke At lesiog

| nvent | oRaS B (OSeIBbCAK st i stale melech YAEECRBEDI e, wi thin
hi cl 6. Th
a vehic o} 1drl %d'zsmaﬁglg rARNe ﬁ%np)éx&ﬁgwdi'@@?ﬁh a4 r&ngewe&e& us,

the illust system esa cle’s i ng evice 52 for
produci n@ed:wade ngamldselthrgemtastqf hygdregenr wyfors arverycsdalde atonticS8uctared a

transportation ans 60.. A hydro roducm onpound 62 (e.qg., liquid
o o h oy el TR araic Baup i pra s L OnOebaY ot o RE st (46 18 or ng
reservoi féxﬁﬂpl@fUtﬁ"?aééﬁyNses @i%@ﬁ&ﬁ/{a%ﬁéi'aﬂ C&@lfﬁ@@ly@k@eﬁé‘tmnﬂ}e conpound

62 can be reacted with a métal substrate 66, upon deran roduce

hydr ogen Bgazgengriol Csfpbht:xamomp&anahmd?@r(lRS% H@ﬂr&ﬁr&m E@ﬂg:rmom; ganﬁathhl ol ate)
bound to .t substr at as can be d ered to the
nydr ogen U ATALE R0 i Sy Rl SR aadas yi Rt Ay afn 5] F

oper at i oprdifucé Reta¥RbEICA 1S 4uitablfolRth¥ a@@i?@ﬁu&(bnbﬁmoéa%drhﬂol@@&l@é caubstrate
66 can be disassociated fromthe netal substrate 66 by application of

energy f rlsmbarséfectineigyhydogenerrodngsiopdbigiread)spent conpound (e.g., dineric
conmpound, R-X-X-R). The spent conpound 68 can be stored in a reservoir 70

d ulti le, at th
cervice Tt Y FRERER bOAE SHERNELE dhfog iy pREGLEG o B AT P |
sui t abl e délordrbyesntigeof prdoshacionanoiefyagelnéds, €61 exampde) boaethioht t he servi ce

t at 58 t th I t d d/ t
compound DA BBOL PAFEISO e b AU brird - GERFFCETEt: BBy the
transpor tath0Bs HP&Jﬁ%o%st &1&5&%%&%@%&%@8% Héﬁ;@%g%nét%n &£ in the

current invention can Include any neahs of transterring a liquid fromone
| ocat i onhydroaarbomerojety nclugddi thgfollbmngammgﬂwds dowivaed inhighres dhind 15
transportation neans (e.g., truck, tanker, ship, etc) as well as by

g; p:lni nofé(gfr%f }"h &f?{nﬁglgld'\gm P/clogexandll_ﬁ/lgfan% S1d 5 usec} {ooer)](er%%li%yow ng Reaction
production of hydrogen by hydrogenation of a hydrocarbon moiety of a hydrogen
producing compound, according to the present invention. As illustrated below, when
1,4-cyclohexandithiol contacts the gold surface, hydrogen is instantly released and the
1,4-cyclohexandithiol is converted to spent compounds dithioparabenzoquinone and /

or 1,4-benzenedithiol plus hydrogen.
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Substrate [0081] The follow ng exanple illustrates collection and
quantification of hydrogen gas produced by reacting organothi ol conpounds
with a nmetal substrate. The exenplified reactions were conducted by

provi ding a vessel for conducting the hydrogen producing reactions, the
vessel including a chanber, an inlet and an outlet. Reactions were
conducted by placing reaction materials in the chanber of the vessel,
react i ng Bxhmpheat eri al s, and nmeasuring the hydrogen produced by the
reaction. Materials were introduced into the vgssel via the inlet and
hydr ogen produced by the reaction was renoved firomthe vessel via the
outlet. Hydrogen was anal yzed and quantit atle . gas chromat ogr aphy,

i ncluding by a gas chromat ograph connected t edyctiyg gas anal yzer
("GC-RGA") (Redgctpjon Gas Analyggr Trace Apa , I'n,.? Model TA 3000).

[ 0082] A posi tiHve\gont ol experine s first gonducted in order to
dennnstrateiigz he/t est i paratus could détect hydrogen gas produced
by reacting Hn the vessel. F@ithogarabehxsquiemig ol , a smal |l anount

was placed in the chanber of a vessel, where the
Has apprggjgmetely 25 m. The vessel was then seal ed

and t he chanber sevgcuat ed acuum punp. Water (20 pl) was further
introduced into the flask and ré d with the sgdium present in the
chanber. The readtion between the soditim and t$§e wat er produced | arge

quantities of hydrogen gas, which filled th 1 Anal ysis of the
contents ,o . anber by GC- RGA f ol g the reaction showed that
about 1060%%%1%8%?%%'@&9% wer e present b @ chdmbefMof the fl ask.

[ 0083] An experinent, simlar to the positiVe contitbl above, was perforned
usi ng an organothiol and a nmetal substrate. HeXanethiol (99% was purchased
from Al drich chenical conpany. Gold powder, $bherical, APS 5.5-9.0 micron,
99.96% (netal basis), S.A 0.05-0.2 n2/g was purchased from Al fa Aesar.
Gol d powder (300 ng) was placed in the ciuFsBreReditHel vessel (about 5 m in
vol une). Followi ng sealing of the vessel and evacuation of the chanber by
vacuum ple9] heXhnsremt spmpaunds dithigparabenzegyineee ssk/rilifebensengiithicdt ¢ he

vessel . I i i an, c : I lyzed
wth by GX TR RERIEaER, AloxhiBOhart AP kah R HERSR IR AP, 22
r eact i onartifor sgpaating hykogdn fapp rdiuidgsedhyas3QCGhe ppge diffttm8d inTtheir brihagi ment

ves T epegliet 35 RGOS AR Sicali 901 o povder (300

of sodium (

[0070]  The spent compounds produced by the dehydrogenation reaction are capable
of being re-hydrogenated, thereby regenerating the spent compound to a form suitable
for re-use in hydrogen production. According to the below example, the
dithioparabenzoquinone and 1,4-benzenedithiol can be chemically reduced to 1,4-
cyclohexandithiol. In this process, the molecule is re-hydrogenated or “recharged”
with hydrogen and can again be utilized for producing hydrogen that can be used, for
example, for generating energy. Various methods by which the hydrocarbon moiety of
spent compounds such as dithioparabenzoquinone and 1,4-benzenedithiol molecules
can be chemically reduced are known in the art and include, for example catalytic
hydrogenation. For further discussion of hydrocarbon hydrogenation, such as catalytic
hydrogenation see, for example, Botaiux et al., “Newest Hydrogenation Catalysts”,
Hydrocarb. Process, Mar. 1985, p. 51-59; and U.S. Patent No. 6,794,552; all of which

are incorporated herein by reference.
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ng)
m)

pl aced in the chanber of the vessel and 2% hexanet hi ol
i njected into the chanber foll ow ng vacuum punp evacuati on.

i n et hanol

(1
Hydr ogen

gas content, follow ng the reaction,

was determ ned by GC- RGA at

roomair was analyzed in order to

approxi mately 2000 ppm Furt hernore,

determ ne hydrogen gas content and retention tinme. Experinental

hydr ogen gas content of roomair, positive control,

hexanet hi ol i n et hanol

pur e hexanet hi ol

and

Room Air 500 Positive control 10000 Pure Hexanethi ol 3000
S
H H
H, , catalyst
H H 2 y l-{
S H S
- , H H
Dithioparabenzoquinone Y
H
H
H H
H\s H, , catalyst H H /s
H H H
H H 1,4-Cyclohexanedithiol
S,
H

1,4-Benzenedithiol

[0071]

producing compound from a spent compound. Such a method includes receiving a

spent compound from a device for producing hydrogen for generating energy, and

The present invention further relates to a method of regenerating a hydrogen

reacting the spent compound with hydrogen to produce a compound having a formula

R-XH, thereby regenerating the hydrogen producing compound from the spent

compound.

[0072]  The steps of producing hydrogen for generating energy and the step of

regenerating the hydrogen producing compound from the spent compound can occur at

the same location or locations of close proximity. Alternatively, the hydrogen
production step and the spent compound regeneration step can occur at different
locations. For example, the hydrogen production step can occur in or on-board an

automobile, whereas the spent compound regeneration step can occur off-board or

separate from the automobile, including, for example, following removal of the spent

compound from the automobile. In one example, regeneration of spent compound can

occur at a service station, analogous to service stations (e.g., gas stations, truck stops,

etc.) that are currently utilized. Where the hydrogen production occurs at a stationary

unit, such as a building (e.g., home, business, dwelling, etc.), the regeneration can also
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results for

2%

are shown in Table 1. Table 1 Sanple Hydrogen in ppm



2% Hexanet hiol in ethanol 2000 100851The above experinents where further
repeat ed as descri bed above, but hydrogen gas anal ysis and quantification
was performed using gas chronat ography connected to nmass spectronetry
("GC-M5") (Agilent GO Ms nodel 6890N 5973). Analysis by GC-Ms confirnmed the
results of the experinments with analysis by GCRGA, show ng production of
hydr ogen by reacti ng organot hi ol conpounds with the netal substrates.

Al t hough octwe at thethudldingt sucbak d loatios Mothirt the bujldingged ipdate praxmatetoi ve peak

bel ow the retention .ti f.the.rqomair was determ ned. This.negative peak
Soul d hadts BB 18 bildjng oF RyAragsR emaichor GLEan Rcegr &t 4 BFAIAR possi bl y
the preseie@eithan@t Befldigas, which has a lower retention time than air.
This was interpreted as hydrogen, since it gave a simlar result with
positive control EXAMPLE 2 Hydrogen Production Fol | ow n% Reaction of a
Hydr ocar 3N t H'hg prasent|inwykien fugther relates to a device for producing hydrogen for

generating energy. A device of the invention includes a storage reservoir adapted to
contain a hydrogen producing compound having a formula R-XH, where R is an
organic moiety and X is a reactive moiety selected from the group of sulfur, oxygen,
and selenium. The device further includes a metal substrate adapted to react the
hydrogen producing compound to produce hydrogen gas and spent compound and/or an

R-X compound bound to the metal substrate.

[0074]  In an embodiment where the reaction of hydrogen producing compound with
the metal substrate produces compound bound to the metal substrate, the device can
additionally include an energy source capable of disassociating the bound compound
from the metal substrate to produce an unbound spent compound (e.g., a dimeric
compound having a formula R-X-X-R). The energy source can include, for example, a
heat source or a UV light source. Where the device is present on an automobile, for
example, the heat source can include heat derived from a hydrogen consuming device,
such as a hydrogen combustion engine. In another embodiment, the metal substrate can
be adapted for removal from the device. In such an embodiment, complex comprising
metal substrate and bound compound can be removed from the device and exposed to
energy from an energy source in order to disassociate bound compound from the metal

substrate.

[0075]  The device can also include a reservoir for storing the spent compound. In
one embodiment, the reservoir for storing the spent compound is adapted for removal
of the spent compound from the device. The device can additionally include a
regeneration chamber adapted to react the spent compound with hydrogen received
from a source external to the device to produce a compound having a formula R-XH,
thereby regenerating the spent compound to a form suitable for hydrogen production.

The device of the invention is amenable to utilizing the hydrogen gas to generate
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[ 0086] The foll ow ng exanple illustrates production and col |l ection of
hydrogen foll ow ng a reaction of a hydrocarbon with a gold netal catalyst,
causi ng dehydrogenati on of the hydrocarbon and rel ease of hydrogen gas.
[0087] I n the present exanple, an injector port of a GO MS was packed with
gol d powder and heated to 175C. Fol | ow ng paci ng and heati ng of the gold,
lilt of cycl ohexanol (99% Al drich) was injected through the injector port.
The ef f | energy. idigliziomihedrydbgdi gestol genbrpteGoeNdS qas decladepfae)examplect i on of t he

cycl ohexanol wit h ol d and ni tori GC/I.MS showed, a..negative peak
o tha rarsmiete hiEodi a3 & patibes “uRtin FUBH af P2 SRk ben ts | ndi cat e
a lack of heliumin the detector or presence of another gas, which was

i nterpr e@ﬂ%}as Py dicOusteass PhRBVESDrbYudibe ahe aspeh@Btiosysthesmaei the maj or
hydr ocar bon conmpound detected followi ng the reaction was phenol (i.e.,

dehydr ogdaviresd aspendiiede ansmpodigeent pEthehevaation. hWaeilysteed ataw| | owi ng t he

reaction, 8 - r,0 {473 | L S | t the

gol d paclﬁlflﬁllggssafalggi.%g%%aﬁﬁgégtJl‘9%\%%62% o(r)ﬁoﬁé%%lh'yé\l%%%%‘é@éggggﬁﬁ?# r%eE ’control
exper i medid. a rEh@vealndtatiod@op Ohiedlediet 62 itddudd s strageoiescrasioB adaptéd@at i ng t hat no
reaction occurred in the absence of the gold netal substrate.

[ 0089] Al 4] A hyfie sPmpradusiBa ook vingstiorpElg Rath Wherdr &nigent o t he
cxarm! S BERE TR MESU Tk b Bt Ao, T getsons end
Accor di nfgtiter inbledésnaeattivermets] subsirdted0 addpedoty redve teadohpoundtcpradae. CLAI VS
spent compound and/or R-X compound bound to the metal substrate 40, and hydrogen
gas. In the exemplified embodiment, the device includes a reaction chamber 42
containing the metal substrate 40 and an energy source 44 for disassociated the R-X
compound bound to the metal substrate 40 to produce an unbound spent compound
(e.g., dimeric compound having a formula R-X-X-R). The device 32 further includes a
reservoir 46 for storing spent compound, which can be adapted for removal of the spent
compound from the device. The reservoir 46 and storage reservoir can be separate or
formed as one continuous unit that is partitioned, for example, by a barrier 47. In one
embodiment, the barrier 47 can be a moveable barrier, in which the position of the
moveable barrier defines the volumes of reservoirs 38 and 46. The position of the
barrier is influenced, for example, by the addition or removal and, therefore, the
relative amounts of hydrogen producing compound and spent compound in reservoirs
38 and 46, respectively. For example, where the barrier 47 is a moveable barrier,
filling of the reservoir 38 with hydrogen producing compound can cause movement of
the barrier 47, thereby causing an expansion of the volume of reservoir 38 and a
corresponding contraction in the volume of reservoir 46. The system can further

include a hydrogen consuming device 48 adapted to accept hydrogen from the device

32 of the invention.

[0077]  Operation of a system and device of the invention is discussed with reference
to Figure 2. Hydrogen producing compound (e.g., liquid organothiol) is transferred
from a filling station 34 to the device 32 (See Figure 2, step 1). Compound (R-XH in

Figure 2) is typically in liquid form and can be stored in the storage reservoir 38 (See
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1. A nethod of generating energy, conprising: reacting a liquid
conpound capabl e of produci ng hydrogen and having a formula R-XH with a
netal substrate to produce hydrogen gas, and utilizing the hydrogen gas to
gener ate energy; wherein Ris a noiety selected fromthe group
consi sting of an al kyl, heteroal kyl, al kenyl, substituted al kenyl, alkynyl,
aryl, heteroaryl, alkoxy, cycloal kyl, heterocyclic, alkylaryl, arylalkyl,
aryl al kedygure 2y spépal k yhpdn, dearapt ghe coropqundydae e repctadpwitlam deactivdimatat | ons
t hereof; an |.S, selected,fromt roup caonsi,sti of sulf gen and
sel en umsibsiate 4o Tip@h BRSO i s ane shert anetit *db o e
conpri segomphRiEboung |t@ﬁie@ﬂetﬁlrsﬂﬁit¥d@@4@g%$ﬁgﬁg oi s&bp 9P e 19QAShensi | ver,

: e

pl ati num copper, and nercury. ' met hod of claiml, wherein the
met al  sulpsadugediromrthe fesetingstereean) betdiregted do & bydrogew eonsuming dayéceids de

coat i ng. .. The thod of claimi1, whegeinh Ris a - | kyl ,

oo oo wysh as4 el gl or B ARReR safbBih toe TS el Bolnif T REE 0t ciaim
1, wher eicompbidd Hound té the rhotalr S matgas catbadibaescifod oM thgniche hydrogen gas
in a conbustible engine. 6. The nethod of claiml1, wherein utilizing

the hydr syestraiged) oamplicaiion ofenergirifiog @rh@nqﬁgbdmg%efﬁ"g@g)r?@ca afspent cel | .
7. A met 'Elgr&lp&ﬁnf Q0 A9 AP LN INA%a DT QG Rl KUK SR (SkeIERGE3L B9 eneray,

conprisin
5). Following the disassociation step, spent compound can be collected, for example,

after condensation and formation of a liquid, in a reservoir 46 for storing spent
compound (See Figure 2, step 6). Spent compound can then be removed from the
reservoir 46 at a removal station 36 (See Figure 2, step 7) and subsequently regenerated

to a form suitable for hydrogen production (e.g., hydrogen producing compound).

[0078]  Accordingly, the present invention also relates to an assembly for producing
and utilizing hydrogen. In one embodiment, the assembly includes a first unit for
generating hydrogen and a second unit for utilizing hydrogen to generate energy,
wherein the second unit is adapted to accept hydrogen from the first unit. The first unit
includes a storage reservoir adapted to contain a hydrogen producing compound having
a formula R-XH, wherein R is an organic moiety (see above) and X is selected from the
group of sulfur, oxygen, and selenium; and a metal substrate adapted to react with the
hydrogen producing compound to produce hydrogen gas and spent compound and/or an
R-X compound bound to the metal substrate. The second unit can include a hydrogen
consuming device, such as a hydrogen combustion engine or a fuel cell. An assembly
of the invention can be contained, for example, within an vehicle or automobile. An
assembly of the invention can additionally include an energy source capable of
disassociating R-X from the metal substrate to produce a spent (e.g., a dimeric
compound having a formula R-X-X-R). The energy source can include, for example, a

heat source or a UV light source.

[0079]  The assembly can also include a reservoir for storing the spent compound.
In one embodiment, the reservoir for storing the spent compound is adapted for

removal of the spent compound from the device. The assembly can additionally
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reacting a |iquid conpound capabl e of produci ng hydrogen and having a
formula IL-XH, with a netal substrate to produce hydrogen gas and a spent
conmpound conprising: (a) R2-XH, wherein 112 is dehydrogenated relative to
Ri; (b) R3=X, wherein R3 is dehydrogenated relative to RI; or (c) a

conbi nation of (a) and (b); and collecting the hydrogen gas; wherein
each of RI, R2, and R3 is a noiety independently selected fromthe group
consi st i mylwlke aamgalekagion chanbercdhpted to whetehy bpens cospaundtvath ktdeegepl ,  al kynyl

S0t Rl iR e R BT e I Y o S B orbons
ther eof | RaRH, ?ﬁe'fegysr &eﬁaﬁﬁﬁl‘tﬁ%ﬁmnq;o%@t&@tbﬂnsstuita&e%r 15dtdgen, oxygen, and

sel eni um . e nethod of claim?7, wherein the netal substrate
conpri sepragottion. si | ver, plati num copper, or nercury. 9. The net hod
of claim?7, wherein the netal substrate conprises a netal treated to renove

a surfac fﬂ(ﬁm deFf:g?@eti Bfther illustrates system 50 and device 52 according to an
embodiment of the invention. A device 52 of the invention can be located, for
example, within a vehicle 54 that is being powered by a hydrogen consuming device
56. Thus, the illustrated system 50 includes a vehicle 54 having the device 52 for
producing hydrogen for generating energy, service station 58, and a transportation
means 60. A hydrogen producing compound 62 (e.g., liquid organothiol) is transferred
from the service station 58 to a storage reservoir 64 of the device 52 located within the
vehicle 54. The compound 62 can be reacted with a metal substrate 66, upon demand,
to produce hydrogen gas and spent compound and/or R-X compound (e.g.,
organothiolate) bound to the metal substrate 66. The hydrogen gas can be delivered to
the hydrogen consuming device 56 for generating energy utilized in the operation of the
vehicle 54. The R-X compound bound to the metal substrate 66 can be disassociated
from the metal substrate 66 by application of energy from and energy source to produce
a spent compound (e.g., dimeric compound, R-X-X-R). The spent compound 68 can be
stored in a reservoir 70 and ultimately removed from the vehicle 54 and located, for
example, at the service station 58. The spent compound 68 can be regenerated to a
form suitable for hydrogen production. Regeneration can occur at the service station 58
or at another location. Hydrogen producing compound and/or spent compound can be
transported to and from the service station by the transportation means 60. A
transportation means suitable for use in the current invention can include any means of
transferring a liquid from one location to another, including, for example, conventional
vehicle transportation means (e.g., truck, tanker, ship, etc) as well as by pipeline or

other method.

EXAMPLE 1
Hydrogen Production Following Reaction of an Organothiol with a Metal

Substrate
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10. (Currently Anended) The nethod of claim 20, further conprising reacting
the R2- XH conmpound with the netal substrate to produce hydrogen gas and
R2- X bound to the netal substrate. 11. The met hod of cl aim 10,
further conprising disassociating the RL-X--bound to the netal substrate or
the R2-X-- bound to the netal substrate to produce a spent conpound
conprising R1-X-- or R2-X-- disassociated fromthe netal substrate.

12. The b@8Abd dhe folliwing xampleilbistrateh eoligeton ambmmtjﬁdattmnmfdliyéiqggn Rl -X- or

R2- X- further .c ri ses. one of ~Rl.-X-X-R

5 The. BRSSOy rEkTing SreaeihE romRanil TiELe M SURBPRs diehons i ng ¢ he
hydr 0gen eg@splifibddesiBhi G bidlofd@ed BEpidineh veRetl for dshdcfiythee for
produ0|ng hydrogen for generating energy, conprising a storage

reser voi y«kdagt pradeang mactaons, deviespel mchldmammn&vapann@ebﬁndmdéﬁ ng

hydr ogen,a hav ere I L d fromthe
07 oup o oREriPSYefecigbb bl BiafifiaclioR i doof ALY BEVEGE kel

al kynyl ,r@wﬁg th @il ARErQa, ﬁhd r@héﬁﬂiﬁ}g th@uﬁr@€dedu&am9nmm&tim Mhtsphlar yl ,

aryl al kyl , | al kenyl , aryl al kynyl , ene, oxyaryl ene group, and

conbi nat W@rﬁsm rpdipced finto éhﬁjvexsql éfwstéf: @&?@d‘dfhﬂémgﬁhéfctjl%‘iﬂobﬁb@ﬁﬁ ipm agf

sul fur, A ARl fro%pﬂlesv%gs%mnld%e &Rﬂa’c Hydrogen was analyzed and quantitated by gas
chromatography, including by a gas chromatograph connected to a reductive gas
analyzer (“GC-RGA”) (Reduction Gas Analyzer Trace Analytical, In,. Model TA
3000).

[0082] A positive control experiment was first conducted in order to demonstrate

that the testing apparatus could detect hydrogen gas produced by reacting materials in

the vessel. For a positive control, a small amount of sodium (10-20 mg) was placed in

the chamber of a vessel, where the volume of the chamber was approximately 25 ml.

The vessel was then sealed and the chamber evacuated by vacuum pump. Water (20 !
pl) was further introduced into the flask and reacted with the sodium present in the

chamber. The reaction between the sodium and the water produced large quantities of

hydrogen gas, which filled the flask. Analysis of the contents of the vessel chamber by

GC-RGA following the reaction showed that about 10000 ppm hydrogen gas were

present in the chamber of the flask.

[0083]  An experiment, similar to the positive control above, was performed using an
organothiol and a metal substrate. Hexanethiol (99%) was purchased from Aldrich
chemical company. Gold powder, spherical, APS 5.5-9.0 micron, 99.96% (metal
basis), S.A. 0.05-0.2 m?/g was purchased from Alfa Aesar. Gold powder (300 mg) was
placed in the chamber of the vessel (about 5 ml in volume). Following sealing of the
vessel and evacuation of the chamber by vacuum pump, hexanethiol (1 ml) was
introduced into the chamber of the vessel. Following the reaction, the contents of the
vessel were analyzed with by GC-RGA. Hydrogen gas was detected in the vessel,

following the reaction, in quantities of approximately 3000 ppm.
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a netal substrate adapted to react with the liquid conmpound to produce an

R- X conpound bound to the netal substrate and hydrogen gas. 15. The
device of claim 14, wherein the |liquid conmpound conprises a C2- C8

or ganot hi ol conpound. 16. The device of claim 14, wherein the netal
substrate conprises silver, platinum copper, or nercury. 17. The
device of claim 14, wherein the netal substrate conprises gold. 18.

The devi d808#K clTherexpatimentorasirepaated, grodadcibrdmbose svithagmdd powder (300 d.
19. The dewi

ice of claim 14 erein.t tal substrate rises .a metal
treated {OF rpg?ﬁ’fg & ﬁ‘_esch??léeéfeo RN X@S%I(?BP i(30 Y Sthethit? Fpethanpl ffc)i’g’& 18@0%9 claim
14, furt hgo teOERiMbR AdloNin@ PR ub R SRicERRAD FBydddgen gas content,
following the reaction, was determined by GC-RGA at approximately 2000 ppm.
Furthermore, room air was analyzed in order to determine hydro gen gas content and

retention time. Experimental results for hydrogen gas content of room air, positive

control, pure hexanethiol and 2% hexanethiol in ethanol are shown in Table 1.

Table 1
Sample Hydrogen in ppm
Room Air 500
Positive control 10000
Pure Hexanethiol 3000
2% Hexanethiol in ethanol 2000

[0085] The above experiments where further repeated as described above, but
hydrogen gas analysis and quantification was performed using gas chromatography
connected to mass spectrometry (“GC-MS”) (Agilent GC/MS model 6890N/5973).
Analysis by GC-MS confirmed the results of the experiments with analysis by GC-
RGA, showing production of hydrogen by reacting organothiol compounds with the
metal substrates. Although the instrument could not show the hydrogen peak, a
negative peak below the retention time of the room air was determined. This negative
peak could have been due to the lack of background gas (e.g., He) and possibly the
presence of another gas, which has a lower retention time than air. This was interpreted

as hydrogen, since it gave a similar result with positive control
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di sassociating R-X fromthe netal substrate to produce a spent conpound.
21. The device of claim20, wherein the spent conpound is a dineric
conmpound having the fornula R-X-X-R 22. The devi ce of claim 20,
wherein the energy source conprises a heat source. 23. The devi ce
of claim 20, wherein the energy source conprises a W |light source.

24. The device of claim 20, further conprising a reservoir for storing the
spent compound. 25. The devEXAMPL#EIZim 24, wherein the reservoir for

storing the rr(])tgelg ?JITB(?IPCQI%HI ﬁolﬁ)qugé ﬁ%agtg)orn of anﬁ\)lfall'ocg;bgnhvevitﬁ%el{)ltetai onpound
fromthe de .
Substrate

[0086]  The following example illustrates production and collection of hydrogen
following a reaction of a hydrocarbon with a gold metal catalyst, causing

dehydrogenation of the hydrocarbon and release of hydrogen gas.

[0087] In the present example, an injector port of a GC/MS was packed with gold
powder and heated to 175°C. Following pacing and heating of the gold, 1ul of
cyclohexanol (99% Aldrich) was injected through the injector port. The effluent was
monitored directly by GC/MS (see above). Reaction of the cyclohexanol with the gold
and monitoring by GC/MS showed a negative peak with a retention time similar to that
of the room air. The results indicate a lack of helium in the detector or presence of
another gas, which was interpreted as hydrogen gas produced by the reaction.
Furthermore, the major hydrocarbon compound detected following the reaction was
phénol (i.e., dehydrogenated cyclohexanol). No cyclohexanol was detected following

the reaction.

[0088]  As a control, a similar experiment was done without the gold packing step.
No negative peak or phenol was detected in the control experiment. The only
compound detected was cyclohexanol, indicating that no reaction occurred in the

absence of the gold metal substrate.

[0089]  Although the invention has been described with reference to the examples
described herein, it will be understood that modifications and variations are
encompassed within the spirit and scope of the invention. Accordingly, the invention is

limited only by the following claims.
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26. The device of claim 20, further conprising a regeneration chanber
adapted to react the spent conpound wth hydrogen received froma source
external to the device to produce a conpound having a formula R XH, thereby
regenerating the conpound capabl e of produci ng hydrogen fromthe spent
conmpound. 27. The device of claim 14, wherein the hydrogen gas is
used to generate energy. 28. An autonobile conprising a hydrogen
consum nglddMS8e and the device of claim 14. 29. The aut onmobi |l e of

cl aim 28, wherein the hydrogen consunm ng devi ce conprises a hydrogen
conbusti on engi ne. 30. The autonobile of claim 28, wherein the

hydr ogen consym RetBRN ICRNERARE bS@ 8y, Rofipeikinge! | . 31. A device for
pr oduci ng hydrogen for generatlng ener rising: a storage reservoir

adapt ed to comaaﬁlltg aliqui @Dmpcmﬁue@gpmduelnéﬂlymméﬂ@@a%@gjﬁ ogen and

havi ng a bstrate ted 9 react wth
the Ii qu %?ﬂ%@oﬂ ‘B%Sgﬂ‘@é“ﬂﬁ&? B’fg’@ g}?iy d%%ea‘ &5 gr]i’t%ﬂzm ound
conpri si Rgdrogd) gdsdo Seherbefi@bt R2 i s dehydrogenated relative to Ri; (b)
R3--X, wherein %B i S dehydrogenated relative to Rl; or
wherein R is a m01ety selected from the group consisting of an alkyl,

heteroalkyl, alkenyl, substituted alkenyl, alkynyl, aryl, heteroaryl, alkoxy, cycloalkyl,

heterocyclic, alkylaryl, arylalkyl, arylalkenyl, arylalkynyl, arylene, oxyarylene group,

and combinations thereof;

and X is selected from the group consisting of sulfur, oxygen and selenium.

2. The method of claim 1, wherein the metal substrate comprises a metal

selected from the group consisting of gold, silver, platinum, copper, and mercury.

3. The method of claim 1, wherein the metal substrate comprises a metal

treated to remove a surface oxide coating.

4. The method of claim 1, wherein R is a C,-Cy alkyl, heteroalkyl,
alkenyl, or heteroalkenyl group.

5. The method of claim 1, wherein utilizing the hydrogen gas comprises

consuming the hydrogen gas in a combustible engine.

6. The method of claim 1, wherein utilizing the hydrogen gas comprises

consuming the hydrogen gas in a fuel cell.

7. A method of storing and producing hydrogen for use in generating
energy, comprising:

reacting a liquid compound capable of producing hydrogen and having a
formula R;-XH, with a metal substrate to produce hydrogen gas and a spent compound

comprising:
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(c) a conbination of (a) and (b); wherein each of RI, R2, and R3is a
noi ety i ndependently selected fromthe group consisting of an al kyl,

het er oal kyl, al kenyl, substituted al kenyl, al kynyl, aryl, heteroaryl,

al koxy, cycl oal kyl, heterocyclic, alkylaryl, arylalkyl, aryl alkenyl,
aryl al kynyl , aryl ene, oxyaryl ene group, and conbinations thereof; and Xis
sel ected fromthe group consisting of sulfur, oxygen, and sel enium

32. The device of cl ai Ma@R,-XHewhemin ReismehypdrogabstiralngveoBr,i ses si |l ver,

pl ati num copper, or nercury. . 33, The device of claim3l, wherein the
metal substrate conpris I&gp(dyvheremﬁgSszgetﬁmgwdcrg{agpe?qg};mr%, wher ei n

the gol d conprises nanopgrQs v3@dn of (a) and ¥y add'e devi ce of claim 31,
wherein the netal subst?égte conprflases(a) ma?g}l’ treated to renove a surface

oxi de coat i ngcollecting tigthydidgenges;i ce of claim 31, further conprising a
reservoir for storing,t ent . conmpound. . 37. The i ce of claim 36,
wherein the r@’i@%@%@’%%li@bﬁ?‘h& %ﬂ@&&h@d%‘??&@%}%“?%“%%‘f}? for renoval
of the Sggﬂl% CBRIRBIYE ailraﬂwl,tﬂ%?ergﬁkylﬁﬁlkenyl, substi@ted B&nYE¥IkEByI0hrye| @i m 31,

further rising a regeneration chanber adapted to react t he spent
conpoundhetetdaryhyalkaxye nydeadkylyederorprhcaalkplaryd carsletiad reaylakkenylhe device to

produce a ound .having a, formula 12 -)CH. .thereby regenerating the
conpoundarélgag%y a6¥1€‘b?863%f?/‘r$ eﬁgpalpoagﬁc()fn}bd%t{ éﬁqseﬁ‘g&rft conpound.

and X is selected from the group consisting of sulfur, oxygen, and selenium.

8. The method of claim 7, wherein the metal substrate comprises gold,

silver, platinum, copper, or mercury.

9. The method of claim 7, wherein the metal substrate comprises a metal

treated to remove a surface oxide coating.

10. (Currently Amended) The method of claim 20, further comprising reacting
the Ry-XH compound with the metal substrate to produce hydrogen gas and Rp-X

bound to the metal substrate.
11. The method of claim 10, further comprising disassociating the Rj-X—
bound to the metal substrate or the R,-X-- bound to the metal substrate to produce a

spent compound comprising R;-X-- or Rp-X-- disassociated from the metal substrate.

12.  The method of claim 11, wherein the spent compound comprising R;-

X— or Ry-X— further comprises one of R;j-X-X-Rj, Ry-X-X-Ry, and R1-X-X-Ro.

13. The method of claim 7, wherein the collecting comprises consuming

the hydrogen gas in a combustible engine or fuel cell.

14. A device for producing hydrogen for generating energy, comprising:
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39. The device of claim 31, wherein the hydrogen gas is used to generate
energy. 40. An autonpbile conprising a hydrogen consum ng devi ce
and the device of claim31l. 41. The autonobile of claim40, wherein
t he hydrogen consum ng device conprises a hydrogen conbustion engi ne.

42. The autonobile of claim40, wherein the hydrogen consum ng device
conprises a fuel cell. 43. A nethod of regenerating a conpound

capabl e of pr adiecigegedepabiagiaptefl to norainpdinuid comppomd, capadnigoef modgring

hydrogen and having a formula R-XH, wherein R is a moiety selected from the group
consisting of an alkyl, heteroalkyl, alkenyl, substituted alkenyl, alkynyl, aryl,
heteroaryl, alkoxy, cycloalkyl, heterocyclic, alkylaryl, arylalkyl, arylalkenyl,
arylalkynyl, arylene, oxyarylene group, and combinations thereof;

and X is selected from the group consisting of sulfur, oxygen, and selenium;
and

a metal substrate adapted to react with the liquid compound to produce an R-X

compound bound to the metal substrate and hydrogen gas.

15. The device of claim 14, wherein the liquid compound comprises a C,-

Cs organothiol compound.

16. The device of claim 14, wherein the metal substrate comprises silver,

platinum, copper, or mercury.

17. The device of claim 14, wherein the metal substrate comprises gold.
18. The device of claim 17, wherein the gold comprises nanoporous gold.
19. The device of claim 14, wherein the metal substrate comprises a metal

treated to remove a surface oxide coating.

20. The device of claim 14, further comprising an energy source capable of

disassociating R-X from the metal substrate to produce a spent compound.

21. The device of claim 20, wherein the spent compound is a dimeric

compound having the formula R-X-X-R.

22, The device of claim 20, wherein the energy source comprises a heat

source.
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receiving the spent conpound fromthe device of claim42; and reacting
t he spent conpound with hydrogen to produce a conpound having a formula
R-XH, thereby regenerating the conpound capabl e of producing hydrogen from
t he spent conpound. 44. A net hod of regenerating a conpound capabl e
of produci ng hydrogen froma spent conpound, conprising: receiving the
spent conpound fromthe device of claim54; and reacting the spent
conpound vvi t 28y dr oflenddviceprfathime? 0a whergpothe dnérgy isomyca céropmses a URL- XH,

t her eby r.egenerating the conmpound capabl e of produci ng hydrogen fromthe
spent cotfGFAHC 45 An assenbly for producing and utilizing hydrogen,
conprising: a first unit for producing hydrogen, the first unit conprising:
(a) a storage reservoir adapted to contain a |liquid conmpound capabl e of
produci ng hyd2égen Tmidévice afglamfasy, fiuther Rorixpiising a resptvoirdpmnst®ingthg noi ety
sel ected fr m t he group consisting of an al kyl, heteroal kyl, al kenyl,
substituﬁ&ﬁ SRR a al kynyl, aryl, heteroaryl, al koxy, cycloalkyl,

het er ocycl i c, aIkyIaryI, aryl al kyl, aryl al kenyl, aryl al kynyl, aryl ene,

oxyaryl ene group, and conbi nations thereof; and _
25. The device of claim 24, wherein the reservoir for storing the spent

compound is adapted for removal of the spent compound from the device.

26. The device of claim 20, further comprising a regeneration chamber
adapted to react the spent compound with hydrogen received from a source external to
the device to produce a compound having a formula R-XH, thereby regenerating the

compound capable of producing hydrogen from the spent compound.

27. The device of claim 14, wherein the hydrogen gas is used to generate

energy.

28. An automobile comprising a hydrogen consuming device and the

device of claim 14.

29. The automobile of claim 28, wherein the hydrogen consuming device

comprises a hydrogen combustion engine.

30. The automobile of claim 28, wherein the hydrogen consuming device

comprises a fuel cell.

31. A device for producing hydrogen for generating energy, comprising:

a storage reservoir adapted to contain a liquid compound capable of producing
hydrogen and having a formula R;-XH; and

a metal substrate adapted to react with the liquid compound to produce
hydrogen gas and a spent compound comprising:

(a) Ry-XH, wherein R; is dehydrogenated relative to R;;
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Xis selected fromthe group consisting of sulfur, oxygen, and sel enium and
(b) a nmetal substrate adapted to react with the liquid conmpound to produce

an R- X compound bound to the metal substrate and hydrogen gas; and a
second unit for utilizing hydrogen to generate energy, wherein the second
unit is adapted to accept hydrogen fromthe first unit. 46. The

assenbly of claim45, wherein the reactive netal substrate conprises
silver, platinum coppelb)RedswhereinR; & debydiogenatet wethtivo to Bowre a surface
oxi de coati ng. 47. The gss nbl f c¢claim45, wherein the netal
substrate conprises gol&?acmﬁ]nﬁﬁm‘¥ﬁ§zﬂgé ly of claima47, wherein the

gol d conpri sesyHRameBRAMIHR IR, @nd R; is a mbty HaEpadRiemipictectdd Romite 45, further
conprising an energy source capable

group consisting of an alkyl, heteroalkyl, alkenyl, substituted alkenyl, alkynyl, aryl,

heteroaryl, alkoxy, cycloalkyl, heterocyclic, alkylaryl, arylalkyl, arylalkenyl,

arylalkynyl, arylene, oxyarylene group, and combinations thereof; and

X is selected from the group consisting of sulfur, oxygen, and selenium.

32. The device of claim 31, wherein the metal substrate comprises silver,

platinum, copper, or mercury.

33. The device of claim 31, wherein the metal substrate comprises gold.
34. The device of claim 33, wherein the gold comprises nanoporous gold.
35. The device of claim 31, wherein the metal substrate comprises a metal

treated to remove a surface oxide coating.

36. The device of claim 31, further comprising a reservoir for storing the

spent compound.

37. The device of claim 36, wherein the reservoir for storing the spent

compound is adapted for removal of the spent compound from the device.

38. The device of claim 31, further comprising a regeneration chamber
adapted to react the spent compound with hydrogen received from a source external to
the device to produce a compound having a formula R;-XH, thereby regenerating the

compound capable of producing hydrogen from the spent compound.

39. The device of claim 31, wherein the hydrogen gas is used to generate

energy.
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of disassociating RRX fromthe nmetal substrate to produce a spent conpound.
50. The assenbly of claim49, wherein the spent conpound conprises a

di meric conpound having a formula R X-X-R 51. The assenbly of claim
49, wherein the energy source conprises a heat source. 52. The
assenbly of claim 49, wherein the energy source conprises a W |ight
sour ce. 53. The assenbly of claim49, further conprising a reservoir

for storing tH6. spenin ettomobitelcanipningla hpdroganmnatmolg deMiee apétite conpound
fromthe devi CF. . 54. The assenbly of claim49, further conprising
a regened5Yicopt A BLr adapted to react the spent conpound with hydrogen
received froma source external to the device to produce a conpound havi ng
a formula R-XH, thereby regenerating the conpound capabl e of producing
hydr ogen fromdihe spBrtautoongiolgred claim 40, whereinTthe hxdrogerbtansuming devine4s,
wherein the second unit conprises a conbustible engine. 56. The
assenbl yCBngfeéia:hyﬁ%(fgeﬁﬁg?@ﬁl@ﬁé’ggl&ond unit comprises a fuel cell.

57. The assenbly of claima45, wherein the assenbly is contained within an

aut onobi | e.
42. The automobile of claim 40, wherein the hydrogen consuming device

comprises a fuel cell.

43. A method of regenerating a compound capable of producing hydrogen
from a spent compound, comprising:

receiving the spent compound from the device of claim 42; and

reacting the spent compound with hydrogen to produce a compound having a
formula R-XH, thereby regenerating the compound capable of producing hydrogen

from the spent compound.

44, A method of regenerating a compound capable of producing hydrogen
from a spent compound, comprising:

receiving the spent compound from the device of claim 54; and

reacting the spent compound with hydrogen to produce a compound having a
formula R;-XH, thereby regenerating the compound capable of producing hydrogen

from the spent compound.

45. An assembly for producing and utilizing hydrogen, comprising:
a first unit for producing hydrogen, the first unit comprising:
(a) a storage reservoir adapted to contain a liquid compound
capable of producing hydrogen and having a formula R-XH;
wherein R is a moiety selected from the group consisting of an
alkyl, heteroalkyl, alkenyl, substituted alkenyl, alkynyl, aryl, hetéroaryl,
alkoxy, cycloalkyl, heterocyclic, alkylaryl, arylalkyl, arylalkenyl,

arylalkynyl, arylene, oxyarylene group, and combinations thereof; and
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58. An assenbly for producing and utilizing hydrogen, conprising: a first

unit for producing hydrogen, the first unit conprising: (1) a storage
reservoir adapted to contain a |iquid conpound capabl e of producing
hydrogen and having a fornmula Rl-XH and (2) a netal substrate

adapted to react with the liquid conpound to produce hydrogen gas and a
spent conpound conprising: (a) R2-XH, wherein R2 is dehydrogenated rel ative
to R ; (b) R3=X, wherei X R3elested oydtho genmt codsistangef subfut, oxRegen, end (c) a

conbi nati on of (a) qnd b) ; wherein each of RI, R2, and R3 is a noiety
i ndependent |y sel eS88UR% 88 t he group consisting of an alkyl, heteroal kyl ,
al kenyl, substituted al k@nyhetaPdub¥istk ad@pidd to rB&: SA@ARY liquialckppund
cycl oal kyl, heterocyclic, alkylaryl, arylal kyl, aryl al kenyl, aryl al kynyl,
aryl ene, oxyaryl en¢o produgs anelRdK campiurdtboond ta the meesd!subgicgte and hygrqgensel ect ed
fromthe group consisting of sulfur, oxygen, and sel enium a second
unit for utiIizinggW§8P%gen to generate energy, wherein the second unit is
adapt ed to acgeptondXAitFeERil{AihidAehith $kndtitelenergy, wherein tBdsecoheugissenbl y

of claim 58, wherein the reactive netal substrate conprises silver,

pl at i nuns aslapisdrto aepspichprdyosenriram thetfypt unieat ed to renopve a surface oxi de
coati ng. 60. The assenbly of claim58, wherein the netal substrate
conpri ses gol d. 61. The assenbly of claim60, wherein the gold

conpri ses nanapor ousThgaksbmbly of claim 45, wherein the reactive metal substrate

comprises silver, platinum, copper, mercury, or a metal treated to remove a surface

oxide coating.

47. The assembly of claim 45, wherein the metal substrate comprises gold.

48. The assembly of claim 47, wherein the gold comprises nanoporous
gold.

49. The assembly of claim 45, further comprising an energy source capable

of disassociating R-X from the metal substrate to produce a spent compound.

50. The assembly of claim 49, wherein the spent compound comprises a

dimeric compound having a formula R-X-X-R.

51. The assembly of claim 49, wherein the energy source comprises a heat

source.

52. The assembly of claim 49, wherein the energy source comprises a UV

light source.

53. The assembly of claim 49, further comprising a reservoir for storing

the spent compound adapted for removal of the spent compound from the device.
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62. The assenbly of claim58, further conprising a reservoir for storing
the spent conpound adapted for renoval of the spent conpound fromthe

devi ce. 63. The assenbly of claim62, further conprising a
regeneration chanber adapted to react the spent conpound w th hydrogen
received froma source external to the device to produce a conpound havi ng
a formula R XH, thereby regenerating the conpound capabl e of producing
hydr ogen fromstthe sptetassarhipuficdaim 49, furthetr.cofiipeismgaanidngratibn chanber58,

wherein the second ynit conprises a conbustibl e I ne. 65.. Th
assenbl yagapted tgirgich g",e S\Rﬁ‘étrCQF‘WOPﬁ‘gWétég’dHJ’g’gﬁﬁ F‘?ce’é@ﬁ%‘%?’éfé?“écef ‘H‘é‘?méé? . ©

66. The ﬁ%ﬁfc@@e% Blodatdh BdmBountBl figh HRRUARFERTD iterétsy £ocRItRgdheM thin an

aut onobi
compound capable of producing hydrogen from the spent compound.

55. The assembly of claim 45, wherein the second unit comprises a

combustible engine.

56. The assembly of claim 45, wherein the second unit comprises a fuel

cell.

57. The assembly of claim 45, wherein the assembly is contained within

an automobile.

58. An assembly for producing and utilizing hydrogen, comprising:
a first unit for producing hydrogen, the first unit comprising:
(1) a storage reservoir adapted to contain a liquid compound
capable of producing hydrogen and having a formula R;-XH, and
(2) a metal substrate adapted to react with the liquid compound
- to produce hydrogen gas and a spent compound comprising: (a) R,-XH,
wherein R, is dehydrogenated relative to R;; (b) R3=X, wherein Rj is
dehydrogenated relative to R;; or (c) a combination of (a) and (b);
wherein each of Rj, Ry, and R3 is a moiety independently
selected from the group consisting of an alkyl, heteroalkyl, alkenyl,
substituted alkenyl, alkynyl, aryl, heteroaryl, alkoxy, cycloalkyl,
heterocyclic, alkylaryl, arylalkyl, arylalkenyl, arylalkynyl, arylene,
oxyarylene group, and combinations thereof; and
X is selected from the group consisting of sulfur, oxygen, and
selenium.
a second unit for utilizing hydrogen to generate energy, wherein the second unit

is adapted to accept hydrogen from the first unit.
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59. The assembly of claim 58, wherein the reactive metal substrate
comprises silver, platinum, copper, mercury, or a metal treated to remove a surface

oxide coating.

60. The assembly of claim 58, wherein the metal substrate comprises gold.

61. The assembly of claim 60, wherein the gold comprises nanoporous
gold.

62. The assembly of claim 58, further comprising a reservoir for storing

the spent compound adapted for removal of the spent compound from the device.

63. The assembly of claim 62, further comprising a regeneration chamber
adapted to react the spent compound with hydrogen received from a source external to
the device to produce a compound having a formula R-XH, thereby regenerating the

compound capable of producing hydrogen from the spent compound.

64. The assembly of claim 58, wherein the second unit comprises a

combustible engine.

65. The assembly of claim 58, wherein the second unit comprises a fuel

cell.

66. The assembly of claim 58, wherein the assembly is contained within

an automobile.
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